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compósitos. 
 
resumo 
 
 
Pretendeu-se com o presente trabalho preparar e caracterizar dois tipos de 
argamassas funcionais: argamassas estruturais e argamassas decorativas 
obtidas a partir da incorporação de nanotubos de carbono e compostos 
fotocrómicos respectivamente. 
 
Quanto às argamassas estruturais (SCM), utilizaram-se nanotubos de carbono 
(superficialmente modificados, ou não) como material de reforço. Neste 
contexto foram estudados: (i) os limites de concentração, (ii) diferentes 
métodos de dispersão e, (iii) estratégias preparativas que minimizam o 
problema da hidrofobicidade dos nanotubos quando adicionados à argamassa. 
Os materiais foram caracterizados por testes de solubilidade, resistência à 
compressão, resistência à tracção, resistência a flexão, módulo de 
elasticidade, capilaridade e microscopia electrónica de varrimento (SEM).  Os 
resultados mais promissores foram obtidos após modificação superficial dos 
CNT, ou recorrendo à dispersão  numa suspensão de TiO2. As propriedades 
mecânicas das argamassas resultantes foram superiores à amostra padrão no 
mas as suas propriedades físicas foram mantidas similares. Tendo em conta a 
natureza aplicada deste projecto foi ainda feita uma breve avaliação 
económica sobre a utilização de CNT na indústria de argamassas. Essa 
avaliação apontou para a necessidade de novos estudos semelhantes ao aqui 
apresentado afim de minimizar as quantidades de CNTs a usar. 
 
Em relação às argamassas decorativas (DCM) o uso de compostos 
fotocrómicos foi explorado. Nesse sentido, estudou-se o efeito da adição de: (i) 
haletos de prata, (ii) lentes fotocrómicas moídas, (iii) trióxido de tunsténio em 
pó e, (iv) compostos de trióxido de tungsténio e óxido de titânio. Os materiais 
foram caracterizados por colorimetria. Foram obtidos resultados positivos para 
algumas das amostras estudadas nomeadamente as que envolveram o uso de 
trióxido de tungsténio e compostos de trióxido de tungsténio e óxido de titânio,  
as quais após exposição à luz solar revelaram uma súbtil variação na 
tonalidade ou indício de alteração da cor.  Por fim foi ainda estudado o efeito 
da adição de CNT a argamassas decorativas no sentido de avaliar a 
possibilidade de utilizar CNTs com vista a uma melhoria das propriedades 
mecânicas de DCM. Tal como no caso das SCM a modificação superficial dos 
CNT revelou-se necessária. 
 
Deste modo obteve-se um conjunto de materiais com propriedades 
inovadoras, nomeadamente ópticas e estruturais, podendo dar origem a 
argamassas com possíveis mudanças de cor quando expostas à luz solar e  
argamassas com elevada resistência mecânica respectivamente. 
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abstract 
 
The present work aims at developing two different types of functional mortars:  
(a) Structural cement mortars (SCM) and (b) decorative mortars (DCM). 
In the case of SCM, multiwalled carbon nanotubes (MWCNT) were used for 
reinforcement and the effect of different sample preparation variables on the 
mechanical properties of the ensuing composites was studied. This include: (i) 
concentration of MWCNT, (ii) surface modification of MWCNT and (iii) the 
dispersion method. The materials were characterised by solubility tests, bend 
resistance, strength resistance, and compressive strength, modulus of 
elasticity, capillarity and Scanning Electron Microscopy (SEM).   
 
The most promising results were obtained using surface modified CNTs or 
dispersing them in a TiO2 suspension. The ensuing cement mortars had 
improved properties when compared to the standard cement mortar and the 
physical properties were similar. In view of the applied research nature of this 
project a brief economical analysis was carried out. Such analysis points that 
further studies are required in order to minimise the amount of CNT to be used. 
 
As regards DCM the addition of photochromic materials such as silver halides, 
tungsten oxide and of a tungsten oxide + titanium oxide composite was 
explored in order to yield a light responsive material which could change its 
colour or at least shade depending on the intensity of light. The materials 
obtained were characterised by colorimetry.  
The results obtained for samples prepared using tungsten trioxide and 
composites of tungsten trioxide and titanium oxide were encouraging. Upon 
sunlight exposure either a subtle colour shade or colour change was observed.  
Finally, addition of CNT to DCM was also studied aiming at increasing the 
mechanical properties of the decorative mortar. As in the case of SCM surface 
modification of CNT proved to be required. 
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Chapter 1 – Introduction 
 
 
In the past decades, functional mortars have been studied to explore properties different 
from those obtained by plain mortars. Not necessarily all the properties have to be improved 
in the same product, but a particular one to fit a desired purpose. In this way the functionality 
of the mortars has been studied in different ways such as: the mechanical, physical and 
aesthetical properties. 
   The use of mortars products is spreading more and more due its high mechanical 
properties required for example in:  
• Bridges and roads in adverse environments and landscapes (sea, mountains and 
valleys), 
• Water barriers for the production of electricity or storage, 
• Skyrises buildings and, 
• Unconventional constructions to environments like deep ocean and space.    
Having the best performance among other reinforcement materials, it is expected that 
carbon nanotubes can remarkably enhance the performance of cement composites.  Carbon 
nanotubes have excellent mechanical properties including high strength, low density and high 
stiffness. Therefore when used together with mortars, the nanotubes may act as 
reinforcement material distributing the stresses uniformly to the cement matrix [1]. However 
crucial problem arises when carbon nanotubes are used in advanced composites due to the 
low interfacial bonding between them and the cement matrix composites [2]. The high 
hydrophobicity of CNT results in bad dispersion where water is involved resulting in a product 
with aggregates of nanotubes and low mechanical properties (against the thought). 
In this work was studied the influence of the addition of the CNT with multi-walls, known 
as multi-walled carbon nanotubes (MWCNT), in the mechanical and physical properties of the 
structural cement mortar (SCM) was studied. For this reason, the use of MWCNT was 
investigated using (i) different concentrations, (ii) different methods of dispersions and, (iii) 
surface treatments in order to obtain a composite material with enhanced properties.  
The main composition of the structural cement mortar used can be on Fig. 1.1.  
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Fig. 1.1 – Main composition of SCM1. 
 
 
Different from the SCM, decorative mortars (DCM) involves using mortars in applications 
that are not strictly related to its mechanical properties. This type of mortars is used where the 
aesthetical properties are the utmost important factor. An infinity examples of such products 
can be found but most of products just explore the final form or the use of common dyes. For 
this reason the objective of this work is to study new functionalities for DCM. New approaches 
for functional uses such as the ability that a mortar may have to change its colour or shade 
according to the intensity of the sunlight giving a new style for the environment is considered 
interesting for the market. Moreover other applications with military purposes may also be 
envisaged such as the covering of bases with a product that can auto-camouflage during the 
day or sunlight exposure.   
In this work the effect of adding photochromic materials was studied aiming at the change 
of the colour or shade of the decorative mortar. However, there are other possible 
functionalities that mortars can exhibit such as self-cleaning materials that can keep it free 
from the pollutants, non-bio-degradable materials and toxic residual materials in the gas, 
liquid and solid phase keeping its surface clean against dust and dirt. In this case, the process 
is governed by photocatalytic reactions involving TiO2, a common pigment of DCM [4 to 6]. 
Although some of the DCM’s samples studied here contained TiO2 in appropriate 
concentrations and type, this kind of functionality was not studied due to the difficulties 
involved in the necessary measurements and time constraints.    
 
 
 
                                                          
1
 The composition of the SCM used in this work is similar to the composition of a normal cement 
mortar used by the company.  
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Decorative mortar is a semi-finished product used to cover walls. The difference between 
this and a structural one lies on the fact that in the composition of the former all the 
components (water, sand, pigment, etc …) were added in a previous step (see Fig. 1.3). This 
product is sold in gallons with a desired colour and after the application; the wall will have a 
smooth and coloured surface without the need of paint use, there is no need to water 
addition. In this work, photochromic properties were studied to obtain a product that could 
change the colour or colour shade according to the sunlight. 
In this work the use of silver halides (powder and milled photogrey lenses), tungsten 
trioxide and a mixture of WO3-TiO2 was studied.  
 
The main composition of the decorative mortar used can be seen below. 
  
 
Fig. 1.2 - Main composition of DCM. 
 
 
Specific work reported in the literature on SCM, carbon nanotubes, DCM and 
photochromism will be discussed in following chapters. 
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Chapter 2 – Structural Cement Mortars  
 
Carbon nanotubes (CNT) are one of the most important areas of research in 
nanotechnology. Their distinctive properties and potential for valuable commercial applications 
ranging from electronics to chemical process control have meant that huge efforts have been 
undertaken on the investigation of nanotubes in the last five years. Despite this high level of 
research activity, very little attention has been paid to potential applications in the construction 
industry [7]. This work aims to fill the gap between CNT research and construction materials 
area. 
In this chapter, attempts to improve the mechanical properties of cement pastes are by 
adding CNT are studied aiming at producing a new and higher-performance composite material 
due to the high specific strength and low density of MWCNT while its physical properties are 
kept similar to a standard product produced today by the company. In this way the reinforced 
product can be used as a fix point of masonry when the original mortar has washed away, or 
even in new constructions without any abrupt change on the project. 
To reach an efficient cement-based composite with nanotubes, we have studied: (i) the 
effect of CNT concentration, (ii) different conventional dispersions methods, (iii) a novel 
dispersion method of CNT using a suspension of titanium oxide and (iii) the effect of surface 
modification of CNT.  
The physical properties used to assess the resulting mortars were: (i) workability (water 
content), (ii) density, (iii) mass variation, (iv) retraction changes (dimensional changes) and, (iv) 
capillarity. The mechanical properties set to be tested in this work were: (i) bend resistance, (ii) 
compressive strength and, (iii) modulus of elasticity. 
 
2.1 Literature Review  
 
2.1.1 Structural cement mortars (SCM) 
 
In the lasts years much effort has been done regarding technical innovations in the 
construction industry and improved SCM have been attracting particular attention. 
Mortar and concrete and other cement-based materials are the most important construction 
materials. These materials consist of a mixture of fine and coarse aggregates held together by 
an hydrated cement binder. SCM consists of a type of mortar with enhanced properties which 
can be used in a wide range of construction applications such as beams, pillars and 
foundations, either alone or with hand-tied rebars.  
 Pre- or post- tensioning of concrete or SCM beams and other structures is also used to 
provide improved mechanical performance of structures such as tanks, beams, nuclear reactor 
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containment facilities and water pipes. New frontiers are now being explored such as skyrise 
buildings, possible space and ocean constructions and heavy bridges [7, 9]. Therefore, SCM 
have to be sufficiently strong to support stresses from the building structure and other situation 
for example domestic accidents (gas explosions). Moreover, SCM have to resist the 
environmental aggressions (wind, pollution) and natural accidents (seismic activity) [9].  
Conventional mortar mixes are based on Portland cement, lime or plasticizer and sand, and 
are graded according to compressive strength. The shear strength of mortar walls, for example 
has to be considered during the project and design of a building structure. The cement mortar 
structure has to be able to absorb and release some movements coming from the masonry as 
well as oscillations due to thermal effects that can otherwise result in creep without cracking. 
The modulus of elasticity is the property behind this occurrence. As it is known, the stronger the 
mortar, the less it is able to adapt to changes in form. Hence, a being the balance between the 
strength and the elasticity of the material is recommended. The SCM must thus be able to allow 
any movement between the wall and the main structure. Movement takes place in all masonry 
materials as a result of applied stress, moisture, temperature changes and chemical reactions 
[9]. These effects together with the foundation movements can result in cracking. Therefore, a 
structure made of SCM should present an average to high modulus of elasticity.  
Furthermore, movements on the building structure as the deflection of supporting beams 
may induce tensile stresses in the supported wall causing cracking or failure of the structure. 
Bend resistance characterizes the behaviour of a structural element subjected to an external 
load applied perpendicular to the axis of the element.   
On the other hand, bending produces reactive forces inside a beam2 as the beam attempts 
to accommodate the flexural load; the material at the top of the beam is being compressed while 
the material at the bottom is being stretched. Moreover, there are three notable internal forces 
caused by lateral loads that have to be considered: shear parallel to the lateral loading, 
compression along the top of the beam, and tension along the bottom of the beam. If the 
considerations made above somehow fail, non-structural walls beneath beams or slabs (which 
are not intended to support them) may become loaded as a result of the deflection of these 
elements resulting in damage to the structure [9]. 
For conventional uses steel is the mostly used reinforcement material. Steel is the strongest 
commonly-available fibre, and can be provided in different shapes sizes and lengths while for 
the high-performance materials, the use of fibrous materials such as  carbon filaments and 
conventional carbon fibres as fillers in cement matrix composites are been extensively tried [2]. 
                                                          
2
 A beam is a structural element that carries load primarily in bending (flexure). 
Beams generally carry vertical gravitational forces but can also be used to carry 
horizontal loads (i.e., loads due to an earthquake or wind). The loads carried by a 
beam are transferred to columns, walls, or girders, which then transfer the force to 
adjacent structural compression members [129]. 
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Glass fibres are inexpensive and corrosion-proof, but not as ductile as steel. Different 
approaches have been done using spun basalt fibres that are stronger and less expensive than 
glass, but do not resist the alkalinity of Portland cement. [2]. High-performance materials as 
graphite reinforced plastic fibres are an alternative to be used in SCM which are nearly as 
strong as steel, lighter-weight and corrosion-proof [2]. 
Improved mechanical performance is one of the benefits expected to be obtained through 
the application of nanotechnology to cement systems. One approach to developing better 
performance is the addition of nanoscale reinforcing materials, which might range from small 
spheres that would only act to interrupt cracking to nano-fibres or rods, which would act in a 
manner similar to larger scale reinforcing systems [8].  
According to the Li et al. (2004, p. 1239), carbon nanotubes have a very high strength, 100 
times more than that of steel whilst their specific gravity is only one sixth that of the latter. 
Moreover, carbon nanotubes have an elastic strain capacity of 12% i.e. 60 times higher than 
that of steel [2]. Furthermore, the resistance of carbon nanotubes will increase 100 times when 
strain changes from 0.0% to 3.2% [2]. 
Carbon nanotubes have the best properties when compared to more traditional fibres. As a 
result it is expected that they can increase the performance of cement composites [7]. First, they 
have significantly greater strengths than other fibres, which should improve the overall 
mechanical behaviour [7]. Next, CNT have much higher aspect ratios, requiring significantly 
higher energies for crack propagation around a tube as compared to across it for a lower aspect 
ratio fibre [7]. Thirdly, the smaller diameters of CNT means that they can be more widely 
distributed in the cement matrix with reduced fibre spacing and that their interaction with the 
matrix may be different from that of the larger fibres [7]. CNT, with their diameters being close in 
size to the thickness of the calcium silicate hydrate (C-S-H) layers hydrated cement, could show 
very different behaviour, including different bonding mechanisms. Finally, carbon nanotubes can 
be functionalized to chemically react with cement components, providing routes for other forms 
of interaction and control of cement system properties [7]. 
The most usual problems that arise in the preparation of high quality mortar composites 
involving CNT are: the formation of aggregates that can act as stress concentrators resulting in 
cracks and the lack of interfacial bonding to cement matrix, both due their hydrophobicity [2, 24, 
25, 110]. To avoid this problem some surface treatments can be done. To reduce the 
hydrophobicity of MWCNT, oxidation using a H2SO4 and HNO3 solution, may be used, leading 
to the formation of carboxyl acid groups on their surfaces. The presence of carboxylic acid 
groups enhances the reinforcement efficiency due to a series of chemical reactions along the 
interface [11-16]. However, these procedures are generally rather expensive and tend to break 
the CNT. Alternatively, the use of dispersing solutions or dispersions can also be used [130].  
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2.1.2 Carbon nanotubes (CNT) 
 
Carbon nanotubes (CNT) are allotropes of carbon. Carbon nanotubes are members of the 
fullerene structural family, which also includes buckyballs. Whereas buckyballs are spherical in 
shape, a nanotube is cylindrical, with at least one end typically capped with a hemisphere of the 
buckyball structure. Their name is derived from their size, since the diameter of a nanotube is in 
the order of a few nanometres (approximately 1/50,000th of the width of a human hair), while 
they can be up to several millimetres in length. Carbon nanotubes are categorized as single-
walled nanotubes (SWCNT), double-walled nanotubes (DWCNT) and multi-walled nanotubes 
(MWCNT) [7, 15]. 
 
The CNT are seamless tubes of graphite sheets with nano-sized diameter and have an 
ideal structure formed by carbon atoms with one dimension [20] (See Fig. 2.1). It is their shape 
that makes the nanometre-thick tubes so exceptional and versatile. With a thickness of between 
one and 50 nanometres, they look like tiny straws, but are much longer. A carbon nanotube with 
the thickness of a drinking straw would measure around 250 meters in length [19]. 
 
 
Fig. 2.1 – Formation of a SWCNT from a 
graphite sheet [118]. 
 
Fig. 2.2 – Chiral directions on the carbon 
sheet [132]. 
 
   
 
a) Carbon sheet b) Rolling process c) SWCNT 
Fig. 2.3 – Process of SWCNT’s formation [133]. 
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Three different approaches have been taken so far to produce CNT:  The first method 
discovered uses an electric arc-discharge, where a high voltage electrical current is passed 
through the air (or an inert or reactive gas) into a carbon electrode [7, 20]. The other methods 
are laser ablation, using a high intensity laser beam directed at a carbon target, and chemical 
vapour deposition, which uses a carbon based gas such as methane at high temperatures and 
sometimes pressures. In all three cases free carbon atoms are obtained and given the energy 
necessary to form carbon nanotubes rather than graphite or amorphous carbon [7, 20]. 
Although MWCNT can be produced without the presence of a catalyst, SWCNT generally 
require the presence of a transition metal catalyst to be formed. The catalyst is typically present 
in the form of nanoparticles. Individual carbon atoms are believed to enter the particle and 
diffuse through it to its surface, where they join to the growing tube or tubes. Depending on the 
shape and size of the particle and the surrounding environmental conditions, SWCNT or 
MWCNT will form. The final length of CNT also depends on growth conditions [7, 20].  
 
  
 
Fig. 2.4– Chiral vector of SWCNT [120] (left). At right side, examples of SWCNT: a) 
armchair b) zigzag and c) chiral [119]. 
 
2.1.2.1 Multiwall carbon nanotubes (MWCNT) 
 
Multi-walled carbon nanotubes (MWCNT) consist of multiple layers of graphite rolled on 
themselves to form a tube shape. The easiest MWCNT to imagine is the concentric type (c-
MWCNT), in which SWCNT with regularly increasing diameters are coaxially arranged (See 
Figs. 2.5 and 2.6). There are two models which can be used to describe the structures of multi-
walled nanotubes. In the Russian Doll model, sheets of graphite are arranged in concentric 
cylinders, e.g. a single-walled carbon nanotube (SWCNT) within a larger single-walled carbon 
nanotube (See Fig. 2.3). In the Parchment model, a single sheet of graphite is rolled in around 
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itself, resembling a scroll of parchment or a rolled up newspaper. The interlayer distance in 
multi-walled nanotubes is close to the distance between graphene layers in graphite, 
approximately 3.3 Å (330 pm) [18]. 
 
 
Fig. 2.5 – Types of MWCNT. Parchment 
model (left) and Russian Doll (right) [21]. 
 
Fig. 2.6 – 3D image of MWCNT [22]. 
                                                                   
MWCNT are generally formed either by the electric arc technique (without the need for a 
catalyst), by catalyst-enhanced thermal cracking of gaseous hydrocarbons, or by CO 
disproportionation. There can be any number of walls (or coaxial tubes), from two upwards [20]. 
According to Prato et al. (2003, p. 4001) the production methods of CNT used currently produce 
impurities consisting of: (i) carbon-coated metal catalysts (ii) carbon nanoparticles/amorphous 
carbon and, (iii) structural defects, such as dangling bonds-Examples of techniques that can be 
used for purifying CNT include: (i) oxidation of contaminants, (ii) flocculation and selective 
sedimentation, (iii) filtration, (iv) selective interaction with organic polymers, and (vi) microwave 
irradiation [11].  
The properties of the MWCNT depend on the perfection and the orientation of the 
graphenes in the tube (See Fig. 2.2). The texture depends on the processing conditions and 
can only be completely altered upon a severe degradation treatment (such as oxidation) [20]. As 
with other nanofillers, due the large surface area of this type of materials surface modification of 
CNT is a widely used strategy to enhance compatibility with other materials. Shaffer and Koziol 
(2002, p. 2074) reported on the effect of surface modification of CNT and according to them the 
surface treatment of CNT with strong acids introduces oxygen-containing surface groups which 
lead to electrostatic stabilisation in polar solvents increasing the mechanical properties [14]. 
Other authors [2, 24, 25, 110] believe that treated carbon nanotubes could act as bridges 
across cracks and voids to form a reinforcing mechanism and arrest cracking in cement matrix 
improving the flexural strength, compressive strength, and failure strain of cement matrix 
composites.  
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2.2 Experimental 
 
A general cement mortar formulation (See 5.2.1) was established by the company. For each 
case the present study involved the following steps: (i) dispersion of MWCNT (described in 
5.2.3), (ii) preparation of cement mortar paste (also called mass), (iii) mixture of MWCNT with 
the mass, (iv) preparation of specimens, both ii, iii and iv are described in 5.2.4, (v) 28 days of 
cure of the specimens in a cure room and (vi) physical and mechanical tests.  
Initially the maximum limit of CNT to add to cement mortar was studied. Once determined 
the best amount, the type of dispersion method of the CNT was studied. Next MWCNT were 
dispersed in a suspension of titanium oxide prior to additions it to the cement paste and the 
resulting mortar was compared with the standard cement product. Finally MWCNT were 
oxidized to change their surface characteristics and then they were added to the cement mortar 
formulation to compare with the standard product. 
The properties measured in this work were: (i) limit of water content to keep the same 
workability as the standard product, (ii) density, (iii) mass variation, (iv) retraction, (v) bend 
resistance, (vi) compressive resistance, (vii) modulus of elasticity and (viii) capillarity. The 
results were compared to a standard product (0% of CNT).  
2.2.1 Estimation of the limit of carbon nanotubes to be used in SCM 
 
Different amounts of MWCNT were added to the cement mortar formulation in order to 
determine the concentration necessary to obtain the best mechanical properties and the 
maximum limit of addition. The concentrations of MWCNT (by weight of cement powder) added 
were: 
(i) 0% CNT (standard, STD), 
(ii) 0,02% CNT (A02) 
(iii) 0.10 % CNT (A10), 
(iv) 0,25% CNT (A25),  
(v) 0,50% CNT (A50), 
(vi) 0,75% CNT (A75). 
 
In all cases the nanotubes were first dispersed in an aqueous solution of Triton X405. 
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2.2.2 Comparison between different conventional dispersion 
methods of MWCNT in SCM.   
 
The same concentration of MWCNT (0,10% by weight of cement mortar) was added to the 
cement mortar for each type of dispersion method test. The conditions of dispersions were: 
 
(i) Dry mixture (Dd):  the cement powder and the CNT were added in a dry mixture 
machine (see Fig. 5.8), and mixed for 10 minutes; 
(ii) Dispersion in water (Dwt): the CNT were dispersed as described in 5.2.3 but in this 
case the dispersant was not used and the magnetic stirring was kept for 25 minutes; 
(iii) Dispersion in water with Triton X405 dispersant (Dt).  
(iv) Dispersion in water with Triton X405 dispersant and poly(acrylic acid) (Da): the CNT 
were dispersed as described in 5.2.3 but in this case  the CNT were stirred for 10 minutes. Five 
minutes upon the addition of the dispersant to the suspension the poly(acrylic acid) was added 
to form a gel. The total time of the dispersion spent was 25 minutes;    
 
2.2.3 Addition of MWCNT dispersed in a suspension of titanium 
oxide (MWCNT-TiO2) to SCM 
 
In this work MWCNT were dispersed in a suspension of titanium oxide in deionised water. 
Three samples of SCM were prepared: one standard (0% of CNT) and two using MWCNT-TiO2. 
The difference between the MWCNT-TiO2 samples regards the time used for dispersing the 
CNT in the TiO2 aqueous suspension. Moreover, there was a slight difference in the amount of 
water used. The sample named Ti - 10 H was magnetically stirred for 24 hours and 20,5 w% of 
water were added. The sample named Ti - 10 was magnetically stirred for 10 hours and 19 w% 
of water was added.  
 
2.2.4 Addition of MWCNT oxidized (MWCNT-oxy) to SCM 
 
In this work MWCNT were oxidized aiming at increasing their hydrophilicity. The oxidation 
procedure of the MWCNT is described in 5.3.1.  
MWCNT-oxy were added to a beaker containing 100 ml of water. The mixture was stirred 
for 24 h in order to promote a good dispersion. No presence of bundles or decanted CNT was 
observed after the dispersion of CNT due to the resulting affinity to water (Fig. 2.29). 0,10% 
MWCNT was added to cement mortar formulation.  
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2.3 Results and discussion 
 
2.3.1 Basic approaches to prepare SCM containing MWCNT 
 
In the first part of this section the use of pristine MWCNT and of simple conventional 
dispersion methods was studied. First the morphology of MWCNT was studied by SEM and 
then they were added to the SCM (SCM-MWCNT) in different concentrations using conventional 
methods of dispersion. The morphology of the resulting SCM was also assessed by SEM and 
physical and mechanical tests were carried out.  
2.3.1.1 a) Morphology characterisation of carbon nanotubes  
 
The morphology of CNT was studied by Scanning Electron Microscopy (SEM). Fig. 2.7 to 
2.9 show images of neat MWCNT with diameters between 40 and 50 nm and length of tens of 
micra (µm), resulting in an aspect ratio up to 100–1000.  
 
Fig. 2.7 - SEM image of MWCNT at 
10.000x. 
 
Fig. 2.8 - SEM image of MWCNT at 
80.000x. 
  
 
 
Fig. 2.9 - SEM image of MWCNT at 120.000 x. Diameter size 
between 40 and 50 nm and length around tens of micra. 
2.3.1.1 b) Morphology characterization of SCM-MWCNT 
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Fig. 2.10 shows a typical SEM image of the fracture surface of a standard SCM (left side) 
and SCM containing CNT (right side). Using a low magnification both samples seem to have 
similar morphologies but the standard sample seems to have a smoother and continuous 
surface. When the magnification was increased (Fig. 2.11) the sample containing CNT clearly 
showed the presence of agglomerates. Fig. 2.12 shows a close-up view on an agglomerate spot 
of CNT where it is possible to see the weak interaction between the cement grains and the 
nanotubes. In this case the CNT seem to form a three-dimensional meshwork. In composite 
materials this kind of aggregates can act as inclusions reducing the mechanical properties. In all 
the samples containing CNT the presence of agglomerates of nanotubes was observed by 
naked eye. Fig. 2.13 shows specimens of SCM with CNT after the bend test. 
 
  
 
Fig. 2.10 – Images of the fractured surface by SEM of SCM standard (left side) and SCM 
with 0,75% of CNT (right side), both at 100x. 
 
 Fig. 2.11 - Images of the fractured surface by SEM of SCM standard (left side) and 
SCM with 0,75% of CNT (right side), both at 500 times. The latter shows the poor 
adhesion between the agglomerates of CNT and cement grains. 
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Fig. 2.12– High magnification SEM image 
at 1000 times. The SCM with 0,75% of 
CNT showing agglomerates of 
nanotubes. 
 
Fig. 2.13 – Image of specimens of SCM with 
CNT after mechanical tests showing the 
presence of aggregates of nanotubes that can 
be seen by naked eye. 
 
2.3.1.1 c) Physical and mechanical properties of SCM as a function 
of CNT concentration. 
 
Table 2.1 shows the results of the mechanical properties after 28 days curing. It is observed 
that increasing the concentration of carbon nanotubes, properties like density, mass variation 
and capillarity increased too. In contrast, the modulus of elasticity decreased. The values of all 
the properties increased when the concentration of CNT was 0,10% suggesting that this is the 
best concentration for the present formulation of cement mortar. Concentrations higher than 
0,10% of CNT showed inferior values for the mechanical properties when compared to the 
standard (0% of CNT) product.  
 
Table 2.1 – Physical and mechanical properties of SCM using different concentrations of 
CNT. 
 
Sample Water 
 Ratio Density Retraction 
Mass 
variation 
Bend 
resistance 
Compressive 
strength 
Modulus of 
elasticity Capillarity 
0% (STD) 
[CNT%]* 
18 
(%) 
1,67 
(g/cm3) 
0,64 
(mm) 
66,21 
(g) 
1,21 
(N/mm2) 
1,65 
(N/mm2) 
7609 
(MPa) 
5,90  
(g/dm2.min.-1/2) 
0,02% (A02) 19 -1% 1% 28% -21% -3% -3% 26% 
0,10% (A10) 19 2% 11% 16% 9% 28% -2% 3% 
0,25% (A25) 22 3% -7% 53% -25% -12% -14% 46% 
0,50% (A50) 25 9% 21% 87% -25% 5% -13% 39% 
0,75% (A75) 30 9% 8% 133% -50% -26% x 119% 
STD specimen shows the nominative values. Results are shown in percentage compared to STD for all the samples. 
Measurements were made after 28 days of curing.  
* Triton X405 was used as dispersant in the preparation of all samples containing CNT. 
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Fig. 2.14 - Concentration of water (wt %) 
added to cement paste to keep the same 
workability. 
 
Fig. 2.15 - Density of the samples with 
different concentration of CNT added.   
 
Fig. 2.14 shows the concentration of water (w%) necessary to keep the same workability as 
the standard product. Workability is the ability of a fresh (plastic) cement paste mix to fill the 
form/mould properly with the desired work and without reducing its quality. Raising the water 
content will increase workability of the SCM. Excessive water however will lead to increased 
bleeding (surface water) and/or segregation of aggregates (when the cement and aggregates 
start to separate), with the resulting SCM having reduced quality [23]. A workable mortar has to 
present a smooth and plastic consistency, allowing it to be easily spread with a trowel and 
adhere to a vertical surface [9]. As it can be seen, when CNT were added to the cement paste, 
extra addition of water was necessary to keep the workability of the cement paste similar to the 
standard product. In samples with higher concentrations of nanotubes (0,50 and 0,75% of CNT) 
it was almost impossible to keep the same workability. This behaviour is due the high surface 
area of the CNT, adsorbing the water of the sample.  The density of the samples (Fig. 2.15) 
showed an increase of the value upon addition of CNT, resulting in a product denser than the 
standard. This result goes in the opposite way of what was expected at the beginning of this 
work. We thought that due to the low bulk density of the CNT, the composite should have 
theorically less material (mass) per the same volume. The key for these results may be in the 
high area surface of the CNT providing a higher adsorption of the cement grains onto them thus 
resulting in more material for the same volume.  
Dimensional changes and mass variation were set as the other key properties to monitor as 
they tend to vary during curing, mainly during the first 28 days. Such alterations can happen due 
to chemical reactions between the raw materials and water which promotes hydrolysis of the 
cement paste. Dimensional changes also take place in service following changes of moisture 
content. These phenomena together with the expansion of clay bricks generate movements on 
the building structure resulting in unacceptable cracking [9]. As regards dimensional variation, 
the graph of mass variation (Fig. 2.16) shows an increase of the values due to addition of CNT. 
All samples except A25 presented higher variation (Fig. 2.17) when CNT were added to the 
specimen while the retraction of the samples was similar to the standard product. 
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Fig. 2.18 shows the values for bend resistance as a function of CNT concentration in the 
cement paste. The sample containing 0,10% of CNT has the value increased as expected. All 
the other samples had lower values than the standard. As it was cited before and showed in the 
SEM images (Fig. 2.13), the CNT were poorly a weak dispersed in the cement paste forming 
aggregates that can act as inclusions. These inclusions can act as stress concentrations 
reducing the mechanical properties such as bend resistance, compressive strength and the 
modulus of elasticity. Another reason for these negative results might be associated with the 
higher amount of water added containing % of CNT above 0,10%. Both CNT aggregation and 
an extra % of water are thought to be responsible for the results obtained for and compressive 
strength of the SCM.    
 
 
Fig. 2.18 - Bend resistance of the samples 
with different concentration of CNT added. 
 
Fig. 2.19 - Compressive strength of the 
samples with different concentration of CNT 
added.   
 
Fig. 2.19 shows the results of compressive strength when CNT was added to cement paste. 
Again the best value was reached using 0,10% of CNT. The sample containing 0,50% of CNT 
also showed an increase of the value.  
The modulus of elasticity of all samples with CNT decreased of the values (See Fig. 2.20). 
As is known the modulus of elasticity is the stress resistance of a material until failure divided by 
 
Fig. 2.16 - Mass variation of the samples 
with different concentration of CNT added. 
 
Fig. 2.17 - Retraction of the samples with 
different concentration of CNT added. 
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its strain. Theoretically fibres increase the modulus of elasticity of a composite material due to 
their high strength resistance and the capacity to redistribute the global load of stresses in the 
matrix of this composite. Therefore, it was expected that these values would increase. Instead, 
a reduction was observed which can be related to the aggregation of the nanotubes, increasing 
the concentration of the stresses in specific spots and resulting in a general decrease of the 
values.  
Capillarity was improved with the addition of CNT. This increase of the values is due to the 
fact that increasing the concentration of fine particles a higher surface area was obtained and 
consequently the adsorption of fluids during this test was enhanced (See 2.21). Capillarity is 
another important factor to prevent moisture penetration. Structures made with high porous 
cement mortar are exposed to environmental conditions such as rain, pollution, salts and 
chlorides, chemical attack and certain biological agents. The water penetrates, is entrapped in 
the sub-surface layers and depending on temperature can freeze on expand, which may be 
sufficient to initiate a crack. Salt crystallization is a physical process analogous to freezing, 
whereby the salt solution is carried in the mortar from the ground water or from pollutants. In 
warm weather the moisture evaporates and the dissolved salts crystallize in the pores below the 
surface of the material to form a hard skin which may then flake off to reveal a new surface. [9]. 
Atmospheric pollution, resulting from the burning of fossil fuels, can result in masonry being 
exposed to sulphur and nitrogen acids. Sulphur dioxide is a widespread pollutant which 
combined with water, produces sulphurous acid which attacks tri-calcium aluminate in cement 
mortar. Many varieties of algae, lichens, mosses and even bacteria can establish themselves on 
the surface of a masonry wall, penetrating in the cement mortar’s pores, damaging it by 
producing organic acids, with similar effects to atmospheric pollution.  
 
 
Fig. 2.20 - Modulus of elasticity of the 
samples with different concentration of CNT 
added. 
 
Fig. 2.21 - Capillarity of the samples with 
different concentration of CNT added.   
 
This study showed an improvement of the mechanical properties of SCM when small 
percentages of MWCNT were used. It seems that larger concentrations of MWCNT, (e.g. 0,50 
and 0,75% of MWCNT) do not bring any improvement, thereby indicating that the optimal 
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concentration is around 0.10 % of CNT. In this case the main properties were increased or kept 
similar to the standard product.  
All composite samples presented aggregation of the nanotubes during their preparation due 
the high hydrophobicity of the tubes. These aggregations still remain in the cement mortar cured 
after 28 days as observed for the specimens after the bend test. Although the interactions that 
occur between the nanotubes–matrix were not fully understood, as discussed above are 
thought to be associated with CNT aggregation. In the fact, this has been suggested in other 
works [2, 24, 25, 110].  
 
2.3.1.2 Different conventional dispersion methods of CNT 
 
According to the results of the previous section the needs to disperse the CNT prior to 
addition to the cement mortar formulation become evident. The sample containing 0,10% of 
MWCNT shows the best properties overall. For this value was added to cement mortar using 
different methods of dispersion in order to determinate the best method. The results obtained 
were compared with the standard product (STD). 
As described in 2.2.2 four different dispersion methods were studied. Initially the nanotubes 
were dispersed in H2O prior the addition to the SCM formulation (Dwt) due to the high 
hydrophobicity of CNT direct addition of these fillers without any pre-dispersion was also tested 
(Dd). Next the use of a commercial dispersant Triton X405 was also tested as it was done in 
selection 2.2.1 (Dt). Finally a slightly more complicated dispersion method was tested which 
also improved the use of Triton X405 followed by addition of a small amount of poly(acrylic acid) 
(Da). The addition of poly(acrylic acid) aimed at the formation of a gel containing the CNT to 
yield homogeneous composite. 
 
2.3.1.2 a) Physical and mechanical properties of SCM using different 
conventional dispersion methods of CNT 
 
Table 2.2 shows the results of the mechanical properties after 28 days curing. It is observed 
that the use of carbon nanotubes can enhance both the compressive and flexural strengths of 
cement.  
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Table 2.2 – Physical and Mechanical properties of SCM using different dispersion 
methods of CNT. 
 
Sample Water 
 ratio Density Retraction 
Mass 
variation 
Bend 
resistance 
Compressive 
strength 
Modulus of 
elasticity Capillarity 
0% (STD) 
[CNT%] 
18 
(%) 
1,67 
(g/cm3) 
0,64 
(mm) 
66,21 
(g) 
1,21 
(N/mm2) 
1,65 
(N/mm2) 
7609 
(MPa) 
5,90 
(g/dm2.min.-1/2) 
0,10% (Dt)* 19 2% 11% 16% 9% 28% -2% 3% 
0,10% without disp. 
(Dwt) 19 5% -8% 26% 6% -18% 4% -2% 
0,10% + poly(acrylic ac.) 
(Da)* 19 5% -503% 28% -2% -8% -2% -15% 
0,10% dry mixture 
(Dd) 19 -1% 2% 22% -2% 12% 2% -39% 
STD specimen shows the nominative values. Results are shown in percentage compared to STD for all the samples. 
*Triton X405 was used as dispersant. 
 
From Table 2.2 it is possible to conclude that the best results were reached using 
dispersions of the CNT in water with Triton X405 dispersant. In this case the physical properties 
were more similar to the standard product and the mechanical properties (bend resistance and 
compressive strength) were increased.   
 
 
Fig. 2.22 - Density of the samples for the 
different dispersions methods.  
 
Fig. 2.23 - Mass variation of the samples 
for the different dispersions methods. 
 
 
Fig. 2.24 - Retraction of the samples for the 
different dispersions methods. 
 
Fig. 2.25 - Capillarity of the samples for 
the different dispersions methods. 
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All the samples with exception of the dry dispersion (Dd) had the density increased when 
compared to the standard product (See Fig. 2.22). In Dd sample this value was smaller than the 
STD possibly due to the high concentration of agglomerates which generated a huge meshwork 
structures which can contain some air retained in the agglomerates of CNT or in voids. As 
result, there is less mass of cement mortar for the same volume resulting in a sample with low 
density. 
All the samples showed higher mass variation when compared to the standard product (See 
Fig. 2.23). This may be due to the fact that the nanotubes retain water adsorbed on their surface 
which might evaporate during curing. 
The retraction of the dimensions of the samples was similar for almost all samples (See Fig. 
2.24). The samples where poly(acrylic acid) was added had a high increase of the dimensions 
(negative retraction). This may be attributed to osmotic pressure variations during the cure. Due 
to the high concentration of salts in the formulation the water inside the gel is expelled and 
consequently the dimensions were significantly reduced.   
Different from the previous results which the values for the capillarity of the samples 
showed inferior values when compared to the standard product expected maybe due to a better 
dispersion in the cement mortar (See Fig. 2.25).    
 
 
Fig. 2.26 - Bend resistance of the samples 
for the different dispersions methods. 
 
Fig. 2.27 - Compressive strength of the 
samples for the different dispersions 
methods. 
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Fig. 2.28 - Modulus of elasticity of the samples for the 
different dispersions methods. 
 
Figs. 2.26 to 2.28 are related to the mechanical properties of the cement mortars. Values 
higher than the standard products are achieved in this work indicating that the nanotubes are 
acting as reinforcement instead of inclusions. 
Fig. 2.26 shows the results for bend resistance. Samples prepared with and without 
dispersant (Dt and Dwt respectively) had the value for this property enhanced when compared 
to the standard product. Samples Da and Dd showed inferior values. For the compressive 
strength (Fig. 2.27) Dt and Dd showed the best values (28 and 12% increase, respectively). 
Samples Dwt and Da showed smaller values than the standard product. 
Samples Dwt and Dd showed higher values of modulus of elasticity than the standard 
product (4 and 2% respectively) as it can be seen in the Fig. 2.28, whilst  the samples Dt and 
Da presented inferior values for this property (-2% for both).  
At the end of this section the best global results were obtained for sample Dt that consists in 
cement mortar with 0,10% of MWCNT dispersed in water with Triton X405. In fact, this sample 
is the same as sample A10 in the previous section.  
Therefore the alternatives studied did not bring any improvements but proved that the 
dispersion method of CNT have a significant influence on the physical and mechanical 
properties of the resulting SCM.  
 
2.3.2 Preparation and characterization of SCM using a Novel 
Dispersion method of MWCNT 
 
 
In view of the limited results obtained in 2.3.1.2 using conventional dispersion methods the 
use of neat MWCNT dispersed in a suspension of titanium oxide (MWCNT-TiO2) in SCM was 
explored.  
Inspired by the work of Sriyai et al developed at TUHH [130] using TiO2 nanoparticles to 
improve the dispersion of the nanotubes on the preparation of MWCNT-Epoxy composite in the 
present work MWCNT where dispersed in an aqueous suspension of TiO2 supplied by Degussa. 
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This approach differs from others works [134 to 137] where the oxidized nanotubes have been 
dispersed in TiO2 suspensions to obtain photo-catalytic properties.  
To assess this methodology, dispersibility tests and morphology studies were carried out on 
MWCNT-TiO2 samples. The SCM prepared using MWCNT-TiO2 were also analysed by SEM 
and the physical and mechanical properties measured.  
 
2.3.2 a) Dispersibility tests of carbon nanotubes in a suspension of 
titanium oxide (MWCNT-TiO2) 
 
  
Dispersibility tests were carried out in order to compare the hydrophobicity of the nanotubes 
before and after their dispersion in an aqueous suspension of titanium oxide. Fig. 2.29 clearly 
shows the difference between the nanotubes (neat) and those dispersed in a suspension of 
titanium oxide. No decantation was observed for MWCNT-TiO2 (right side) whilst MWCNT 
(neat) showed bad dispersion in water and the presence of agglomerates was visible (left side). 
 
 
 
Fig. 2.29 - Dispersibility tests of MWCNT in water. 
Neat MWCNT (left) and MWCNT-TiO2 (right).  
 
2.3.2 b) Morphology of the SCM-MWCNT-TiO2 
 
Visual observation may result in useful information regarding the spatial dispersion of these 
materials. Morphology of the MWCNT dispersed in a suspension of TiO2 was carried out by 
Scanning Electron Microscopy (SEM). Samples were coated with a thin layer of carbon before 
examination. Fig. 2.30 shows MWCNT-TiO2 with diameter starting from 40 nm.  
Fig. 2.31 is a typical SEM image of a fracture surface of the standard SCM (left side) and 
SCM containing MWCNT-TiO2 (right side). Low magnification images of the samples (standard 
and the cement mortar with nanotubes) show similarities on their morphologies. Fig. 2.32 show 
high magnification SEM images of SCM-MWCNT-TiO2. Different from the SCM prepared with 
untreated CNT, the MWCNT-TiO2 are dispersed uniformly in the composite and there is no 
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obvious aggregation. The contact points of the MWCNT-TiO2 in SCM were much higher than 
those of observed in SCM with neat nanotubes. No three-dimensional meshwork was observed. 
As it can be seen the treated nanotubes appear to be randomly spaced and quite distributed 
protruding from the cement matrix due their improved affinity to water.  In this way the 
nanotubes can act as reinforcement distributing the stress trough the matrix. No presence of 
agglomerates was observed after the bend test neither.  
In the Fig. 2.33 it is possible to see a grain of cement with nanotubes oriented 
perpendicularly to the cracking plane indicating a possible mechanism of fibre pull-out. Fig. 2.34 
shows the effect of pull-out between the nanotubes and the cement matrix. It is believed that 
this alignment was a result of the MWCNT reorientation thus offering resistance to crack growth 
by spanning the crack in a direction perpendicular to the plane of the crack growth. While this 
type of MWCNT–matrix failure would typically be indicative of a weak interaction, in this case it 
is believed that the local stresses became stronger for the individual interaction nanotube–
matrix. [25]. This mechanism is quite important for ceramic composites because before the 
fracture of the composite, the fibres are pulled-out from the cement matrix consuming energy 
(friction forces); as result an increase of the mechanical properties (especially bend resistance 
and modulus of elasticity) may be expected. 
 
 
 
 
 
Fig. 2.30 - SEM image of MWCNT-TiO2 at 800 times (left side) and 20.000 times (right 
side). 
 
  
Fig. 2.31 - Comparison of the fractured surface by SEM of the standard SCM (left side) at 
100 times and the SCM-MWCNT-TiO2 (right side), both at 500 times. 
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Fig. 2.32 - SEM images of the fractured surface of the SCM-MCNT-TiO2 at 2500 (left side), 
and 15000 times (right side). In both images it is possible to see the good interface 
between cement grains and the nanotubes. 
 
 
Fig. 2.33 – High magnification SEM image of the SCM-MWCNT-TiO2 
showing the CNT with orientation perpendicular to the fracture surface. 
  
  
 
Fig. 2.34 – High magnification SEM image of a fracture surface of the SCM-
MWCNT-TiO2 at 13000 times (left side) and 25000 times (right side). 
2.3.10 Physical and mechanical properties of the SCM-MWCNT-TiO2 
 
Table 2.3 shows the results of the physical and mechanical properties after 28 days curing. 
The plain cement paste (STD) was taken as a reference to study the impact of the addition of 
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the carbon nanotubes dispersed in a suspension of TiO2. It is observed that addition of 
MWCNT-TiO2 enhanced the mechanical the properties.  
 
Table 2.3 - Physical and mechanical properties of SCM-MWCNT-TiO2. 
 
Sample Water 
 ratio Density Retraction 
Mass 
variation 
Bend 
resistance 
Compressive 
Strength 
Modulus of 
elasticity Capillarity 
0% (STD) 
[CNT%] 
18 
(%) 
1,68 
(g/cm3) 
0,53 
(mm) 
81,45 
(g) 
1,08 
(N/mm2) 
1,49 
(N/mm2) 
6943 
(MPa) 
7,02 
(g/dm2.min.-1/2) 
0,10% TiO2 
(Ti10) 19 10% 3% -19% 69% 41% 49% -19% 
0,10% TiO2 
(Ti10 H) 20,5 10% 30% 1% 48% 17% 37% -7% 
STD specimen shows the nominative values. Results are shown in percentage compared to STD for all the samples. 
 
The product obtained was well dispersed in the cement matrix resulting in mechanical 
properties much higher than those of the standard product. The results showed that 0,10% 
MWCNT-TiO2 concentration was nearly optimal for enhancing the mechanical properties of 
SCM in bend resistance, compressive strength and modulus of elasticity. Sample Ti10 (19% of 
water) was the bend resistance enhanced by 69%, the modulus of elasticity by 49% and the 
compressive strength by 41%. These results were the highest in this work. This sample showed 
physical properties (density and capillarity) a little bit different from the standard product.   
Fig. 2.35 shows the comparison of the density of the samples. As discussed before the 
density is increased when nanotubes are added to the cement paste due to their high 
adsorption of the water, resulting in a denser product. The mass variation for Ti10 H was similar 
to that of the STD. However, sample Ti10 the mass variation was19% smaller (See Fig. 2.36).   
As regards retraction for sample Ti10 it was increased by 3% while for sample Ti10H it 
decreased by 30% (See Fig. 2.37). As it is well known, such high dimensions changes are not 
desired for mortar products since they will generate stresses on the building structure causing 
cracks.    
 
 
Fig. 2.35 - Density of STD and SCM-
MWCNT-TiO2 samples.   
 
Fig. 2.36 – Mass variation of STD and 
SCM-MWCNT-TiO2 samples.   
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Fig. 2.37 - Retraction of STD and SCM-
MWCNT-TiO2 samples.   
 
Fig. 2.38 - Capillarity of STD and SCM-
MWCNT-TiO2 samples. 
 
The capillarity of the samples with nanotubes was much smaller than the standard product 
(See Fig. 2.38). For sample Ti10 the capillarity was 19% smaller than that of the STD sample 
while for sample Ti10 H it was 7% smaller. This effect may be due to the good dispersion of the 
nanotubes in the SCM, as explained before.  
 
 
Fig. 2.39 - Bend resistance of STD and 
SCM-MWCNT-TiO2 samples. 
 
Fig. 2.40 - Compressive strength of STD 
and SCM-MWCNT-TiO2 samples. 
 
 
Fig. 2.41 - Modulus of elasticity of STD and SCM-
MWCNT-TiO2 samples. 
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Figs. 2.39 to 2.41 show the results of mechanical properties of the SCM-MWCNT-TiO2. 
Values higher than the standard products are achieved in this work indicating that the 
nanotubes are acting as reinforcement instead of inclusions.  
Fig. 2.39 shows the results for bend resistance. Samples Ti10 and Ti10 H showed high 
values when compared to the standard product. The former presented 69% and the latter 48% 
higher than the STD sample.  
The results for the compressive strength can be seen in Fig. 2.40. Samples with nanotubes 
dispersed in a Titania suspension obtained the best results of this work. Sample Ti10 H showed 
an increase of 17% while sample Ti10 had an enhancement of 41% for this property.  
SCM-MWCNT-TiO2 showed higher values for modulus of elasticity when compared to the 
standard product (See Fig. 2.41). Sample Ti10 had an enhancement of 49% higher than the 
sample STD while the Ti10 H got an increase of 37%.  
At the end of this section it was possible to conclude that the MWCNT-TiO2 proved to be a 
powerful reinforcement for structural cement mortars increasing significantly the mechanical 
properties of the plain cement mortar. All the mechanical properties were higher than the 
standard product.  
The results obtained for the physical properties were different from the plain cement. The 
products with the addition of nanotubes are denser, more compact and presented less mass 
variation than the standard product.  
The fact that all mechanical properties were enhanced, as opposed to the results obtained 
for SCM with neat MWCNT may be due the better dispersion of the nanotubes in the cement. 
According to Sriyai (2008, p.62) the affinity between TiO2 nanoparticles and MWCNT is due to 
the opposite charges of their zeta potential. In fact, according to her, “it seems likely that the 
negatively charged titania nanoparticles have a tendency to be attracted by the positively 
charged surface of the MWCNT” [130].On the other hand, the TiO2 nanoparticles being polar 
seem to be responsible for the better dispersibility of these fillers in the cement matrix. 
The conjunction of the extremely strong tensile properties with a strong nanotube-matrix 
bonding (due to their high surface area/volume ratio) suggests that some of the nanotubes 
would have their long axis orientated perpendicular to the plane of incipient cracks, providing 
these good results. 
Sample Ti10 H showed much higher retraction of the dimensions than the STD product 
which makes it inappropriate to be used in the same conditions without changes in a possible 
project design.  On the other hand sample Ti10 showed a high difference on the value of the 
capillarity (-17%) when compared to plain cement. 
The sample Ti10 is the most indicated for the reinforcement of the SCM due to high values 
found for the mechanical properties and considerable similarity of the physical properties when 
compare to the standard product. Another positive fact is that MWCNT’s dispersion with a 
suspension of TiO2 is relatively easier, faster and cheaper than the oxidation process which will 
be discussed next. Moreover, it can be adapted for industrial production scale. 
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2.3.3 Preparation and characterization of SCM-MWCNT-oxy 
 
 In view of the results obtained using neat MWCNT where bundles of MWCNT were 
observed due the hydrophobicity of CNT (See Figs. 5.4 and 5.6) it was decided to treat the 
surface of these nanomaterials. Hence, further to previous works carried out in our laboratory 
regarding the preparation of polymer based composites and carbon fibres [131] as well as the 
work of Shaffer and Kizol (2002, p. 2074), the effect of surface modification of CNT was 
investigated.  
 
2.3.3 a) Solubility tests of oxidized multi-walled carbon nanotubes 
(MWCNT-oxy) 
 
Solubility tests were carried out in order to compare the hydrophobicity of the nanotubes 
before and after oxidation. Figure 2.42 clearly shows the difference between the nanotubes 
before and after oxidation. Sample MWCNT-oxy (right side) showed good affinity with water and 
no decantation was observed.  
 
 
Fig. 2.42 – Solubility tests of MWCNT in water. 
Neat MWCNT (left) and MWCNT-oxy (right). 
 
2.3.3 b) Morphology of SCM-MWCNT-oxy 
 
Morphology of MWCNT-oxy was carried out by Scanning Electron Microscopy (SEM). 
Samples were coated with a thin layer of carbon before examination. Fig. 2.43 shows MWCNT-
oxy with diameter starting from 75 nm.  
Fig. 2.44 is a typical SEM image of a fracture surface of the standard SCM (left side) and 
SCM-MWCNT-oxy (right side). Analyses of the dispersion of the MWCNT-oxy were made in 
order to verify the interactions between the carbon nanotubes and the cement matrix. Low 
magnification of the images show samples with similar morphology but the sample with 
nanotubes seems to have more porous. 
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Fig. 2.45 and 2.46 show high magnification SEM images of SCM-MWCNT-oxy. Different 
SCM-CNT, in SCM-MWCNT-oxy the CNT are dispersed uniformly in the composite and there is 
no obvious aggregation. The contact points of the MWCNT-oxy in SCM were much higher than 
those of the neat CNT in SCM. No three-dimensional meshwork was observed. As it can be 
seen the treated nanotubes appear to be randomly spaced and quite distributed protruding from 
the cement matrix due to their good dispersion during the preparation of the samples.  As result 
the nanotubes may act as reinforcement distributing the stress through the matrix. In fact no 
agglomerates were observed after the bend test.  
Still in Fig. 2.45 (right side) it is possible to see the effect of pull-out between the nanotubes 
and the cement matrix. In this image is possible to see some fracture surfaces with nanotubes 
bridging the crack. In this case, when the crack extends through the material an additional 
energy must to be spent to pull the fibres out of the matrix. Therefore, the increase of the values 
of the bend and compression resistance may be expected.  
 
 
 
 
 
Fig. 2.43 - SEM image of MWCNT-oxy at 20.000 times. 
 
  
Fig. 2.44 - Comparison images of the fractured surface by SEM of the SCM standard (left side) 
and the SCM-MWCNT-oxy (right side), both at 100 times. 
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 Fig. 2.45 - SEM images of the fractured surface of the SCM-MWCNT-oxy at 1000 (left 
side), and 8000 times (right side). In both images it is possible to see the good interfaced 
interaction between cement grains and the nanotubes. 
 
 
Fig. 2.46  - High magnification SEM image of the SCM-MWCNT-oxy. 
2.3.3 c) Physical and mechanical properties of SCM-MWCNT-oxy 
 
 Table 2.4 shows the results of the physical and mechanical properties after 28 days curing. 
It is observed that the physical properties (except the mass variation and capillarity) had an 
increase in the values due to the addition of treated carbon nanotubes. This means that it is 
possible to use the SCM with MWCNT-oxy for the same purpose as the standard product, 
however with possible enhanced mechanical properties.   
Upon addition compressive strength increased by 22% when compared to standard sample 
and the modulus of elasticity that increased by 20%. The most significant result was observed 
for the compressive strength which increased by 35%.  
 
Table 2.4 – Physical and mechanical properties of SCM-MWCNT-oxy. 
 
Sample Water 
 ratio Density Retraction 
Mass 
variation 
Bend 
resistance 
Compressive 
strength 
Modulus of 
elasticity Capillarity 
STD 
[CNT%] 
18 
(%) 
1,75 
(g/cm3) 
0,74 
(mm) 
79,63 
(g) 
1,30 
(N/mm2) 
1,56 
(N/mm2) 
7973 
(MPa) 
7,04 
(g/dm2.min.-1/2) 
0,10% oxi 19 5% 5% -4% 22% 35% 20% -15% 
STD specimen shows the nominative values and the sample with MWCNT-oxy has the results shown in percentage 
compared to the former. 
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Fig. 2.47 shows the concentration of water necessary (w%) to keep the same workability in 
both products. The sample with oxidized nanotubes needed extra addition of water than the 
standard one, but when it is compared with the samples using 0,10% of nanotubes without 
treatment surface, the amount of water used was the same.  
The density of the SCM-MWCNT-oxy was 5% higher than the standard product (See Fig. 
2.48). This value is similar to those obtained for SCM-MWCNT (0,10%) and smaller than those 
containing 0,50% CNT and 0,75% CNT  for which an increase of 9% was registered. 
 
 
Fig. 2.47 – Water content added to cement 
paste to keep the same workability. 
 
Fig. 2.48 - Density of STD and SCM-
MWCNT-oxy.    
 
Figs. 2.49 and 2.50 show that the sample with MWCNT-oxy has a higher dimensional 
retraction and smaller mass variation compared to the standard; this means that the product 
with the nanotubes oxidized is more compact, the result reflect the good dispersion of the 
nanotubes adsorbing the cement grains on their surface. Even more these values can be 
considered similar. 
 
 
Fig. 2.49 - Retraction of STD and SCM-
MWCNT-oxy.    
 
Fig. 2.50 - Mass variation of STD and SCM-
MWCNT-oxy.    
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Fig. 2.51 - Bend resistance of STD and 
SCM-MWCNT-oxy.    
 
Fig. 2.52 - Compressive strength of STD and 
SCM-MWCNT-oxy.     
 
The product prepared using oxidized nanotubes showed an increase by 22% for bend 
resistance (Fig. 2.51). Therefore, this product can be used for example in structural beams 
which require high bend resistance and compressive strength. Addition of oxidized nanotubes 
led to an increase of 35% of compressive strength (See Fig. 2.52). This value was the highest 
when compared with those using neat MWCNT. The possible bridge coupling effect of carbon 
nanotubes showed in Fig. 2.45 (right side) seems to promote the load-transfer across voids and 
cracks resulting in significant increase of this property.  
According to Geng et al. [2], this enhancement is due to the improvement of material 
microstructure. Interfacial interactions between surface-modified nanotubes and hydrations 
(such as C–S–H and calcium hydroxide) of cement produce a high bonding strength, and 
increase the load-transfer efficiency from cement matrix to the reinforcement. The chemical 
reactions between the carboxylic acid groups on the surfaces of carbon nanotubes and the 
calcium silicate hydrate (C–S–H) or Ca(OH)2 from the cement powder seems to emphasize the 
interaction between the CNT and the cement. Fig. 2.53 illustrates the reaction proposed by Gent 
et al.  
Different from other samples prepared using neat nanotubes (except those dispersed in a 
suspension of TiO2) addition of oxidized nanotubes had an expressive increase (20%) of the 
modulus of elasticity (See Fig. 2.54). In samples where neat nanotubes were used, the results 
oscillate from -20% to 4% for the same property. Such variations were attributed to the bad 
dispersion of the reinforcement in the cement matrix.  
As shown by SEM (Fig. 2.32 and 2.33) the interaction between the oxidized nanotubes and 
the cement matrix was far better than that observed for samples prepared using neat CNT 
(except those dispersed in a suspension of TiO2). Hence in this case the nanotubes seem to act 
as fibres sharing the stress uniformly through the matrix yielding higher values for the modulus 
of elasticity. 
As regards the capillarity, it increases when fine particles are added to cement mortar the 
capillarity increases due to their high area surface. However, in the present study, the capillarity 
(Fig. 2.55) decreased by 15% when compared to the standard product.  In fact, this had already 
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been reported by Li et al. (2005, p. 1245) who argued that addition of carbon nanotubes 
reduces pore size distribution acting as the filler of voids and thus, decreasing the capillarity of 
cement composites. As result, these samples become much more compacted.  
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Fig. 2.53 - Reaction scheme between oxidized nanotube and calcium silicate 
hydrate (C–S–H) or Ca(OH)2 from the cement hydrated [2]. 
 
 
Fig. 2.54 - Modulus of elasticity of STD and 
SCM-MWCNT-oxy.    
 
Fig. 2.55 - Capillarity of STD and SCM-
MWCNT-oxy.     
 
This study showed an improvement of the mechanical properties when percentages around 
0,10 w% of MWCNT were used.  
After the bend test, no aggregates were present in the samples prepared with MWCNT-oxy. 
The positive results obtained using MWCNT-oxy can be due to their high hydrophilicity which 
yields a better dispersion (no decantation or aggregation) during sample preparation. Moreover, 
the presence of polar groups on the MWCNT-oxy promotes the interfacial interaction between 
the nanotubes and the cement paste yielding more homogeneously dispersed materials.  
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Cement composites are porous materials, with massive numbers of capillary pores and 
micro voids. The more the pores and voids the lower the strengths. Addition of oxidized 
nanotubes reduces the number the size of pores [2]. Thus the composites become compacted, 
which will lead an increase of compressive strength. The possible effect of crack-bridging 
(across cracks and voids) increases the compressive strength of the composite by distributing 
the tension uniformly through the ceramic matrix [2].  
In this case it is clear that oxidized nanotubes are acting as reinforcement in accordance 
with other works [2, 7] the results obtained were positive even using a small concentration of 
nanotubes (0,10%).  
 
2.4 Brief economical analysis regarding the use of CNT in SCM
  
This section was made to give an idea of the average costs of using CNT as reinforcement 
in cement mortars. The nanotubes used in this work were purchased from Nanocyl. The prices 
were estimated based on average prices taxed by companies and costs transportation (from 
Belgium to Portugal). These values have considered purchases in high amounts over 1kg of 
CNT. 
The oxidation of the MWCNT was carried out at UA however the estimated cost for 
MWCNT-oxy based on the price of by other companies.  
The estimation for the costs of MWCNT-TiO2 were based on prices for neat nanotubes plus 
averages costs of raw materials (especially TiO2 nanoparticles) as this suspension is not 
commercially available. Table 2.5 shows the average costs of CNT to SCM.  
 
Table 2.5 – Average prices of CNT (€/g). 
 
CNT Price (€/gram) 
MWCNT 5,5 
MWCNT-oxy 7,7 
MWCNT-TiO2 6,6 
 
The values per kilogram of SCM (without water) were also calculated and are summarised 
in Table 2.6. These values have considered the average costs of the nanotubes cited on Table 
2.5 plus dispersant (Triton X405) or poly(acrylic acid) when necessary. The prices estimated did 
not take in account the costs of workman hours, equipments or the process involved.  
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Table 2.6 – Costs of SCM with addition of CNT for the samples studied in this work (wt % 
of cement powder). 
  
Sample Cost (€/ wt % of cement powder) 
A02 1,15 
Ti10 6,60 
Ti10 H 6,60 
0,10% oxy 7,70 
Dwt 5,50 
Da 5,71 
Dd 5,50 
A10/Dt 5,55 
A25 13,80 
A50 27,55 
A75 41,30 
 
As it can be seen in the Table 2.6 the cost of the adding CNT to SCM are much higher than 
the price of cement powder (around 0,20 € per kg). Samples using more than 0,10% of CNT (by 
weight of cement powder) are in fact impossible to be used at industrial scale. As a suggestion, 
further tests should be done aiming at lowering the concentration of CNT using MWCNT 
oxidized or dispersed in titanium oxide.  
 
2.5 Conclusions 
 
Carbon nanotubes are one of the most important materials under investigation for 
nanotechnology applications. Construction industry applications of CNT range from composite 
materials through to high strength structural components. Cement and concrete CNT 
composites have particularly strong potential, since CNT act as a near ideal reinforcing material 
and have diameters similar in scale to the layers in calcium-silicate hydrate [7].  
Current research has shown that it is possible to distribute CNT across cement grains using 
oxidation (surface treatment) and dispersion in a titanium oxide suspension. The key for the 
improvement of the SCM’s mechanical properties is the dispersion of the nanotubes in the 
cement matrix. The answer to provide a good interaction between the reinforcement and the 
matrix is the affinity of the CNT to water.   
The use of neat MWCNT proved to be difficult due to their poor dispersion in the cement 
paste resulting in aggregates and a non-uniform distribution of the bundles within the matrix 
which causes a decrease in some mechanical properties. Overall, the samples containing neat 
nanotubes, even using dispersant or poly(acrylic acid) or dry dispersion, have shown worse 
mechanical properties than the plain cement paste due to the intrinsic hydrophobicity of the 
nanotubes and their impact on the hydration process. Increasing the concentration of nanotubes 
did not lead to any improvement. In fact, samples with lower concentration of nanotubes 
showed better mechanical properties those samples with high concentration. Therefore, when 
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the % of nanotubes are increased in the mixture a bad dispersion is obtained (more 
agglomeration and less uniform distribution throughout the matrix), thus impairing the 
mechanical performance [2, 24, 25, 110].   
Within the range at concentrations studied the optimum limit for the addition of CNT to 
cement mortar seems to be 0,10% (w%) of the cement powder. However it is suggested that 
further studies should be carried out aiming at establishing the optimum values of carbon 
nanotubes oxidized and dispersed in a suspension of titanium oxide to confirm this value. 
Dispersion experiments with oxidized carbon nanotubes showed that the surface treatment 
using HNO3 led to good affinity towards water. The same behaviour was found using MWCNT-
TiO2. When dispersing the nanotubes oxidized or dispersed in a suspension containing titanium 
oxide a different trend is observed resulting in an increase on the mechanical properties of the 
product, in opposite to those using neat MWCNT.  As the optimal concentration CNT (0,10 w%) 
was determined using of neat nanotubes, it is expected that using nanotubes oxidized or 
dispersed in a suspension of titanium oxide the limit of addition be lower.  
Nanotube pull-out from the matrix is possibly the predominant mode of overload failure 
which seems reasonable because the interfacial (MWCNT-cement mortar) shear strength is 
believed to be smaller than the nanotubes’ tensile strength.  
The use of MWCNT-TiO2 is the most indicated to be used in cement mortars when 
compared with all the other samples tested in this work due its easy way and time consumed for 
dispersion. Furthermore this dispersion method can be easily adapted for industrial production 
scale. No prior studies of the addition of MWCNT dispersed in a suspension of titanium oxide in 
cement mortar were found in the literature. Hence, it is difficult to compare this work with others. 
In fact, not much has been found in literature in connection with the use of any type of CNT in 
cement products.  
Limitations to the present study include the use of just two or three specimens for each 
sample type generating dispersion on the results and difficulties to accurately interpret them. 
Therefore, it is suggested that in future smaller specimens should be prepared in order to obtain 
a higher number so that Weibull analytical methods, for example, could be used to obtain more 
reliable results. Nevertheless the present results can be considered as a base for new 
procedures and further studies.  
Although beyond the scope of this study, it is important to refer that the risks involved with 
the addition of CNT to cement mortar must be assessed. In fact, it is possible to find in the 
literature a lot of works [121 to 124] on the toxicity of both nanotubes and also TiO2 
nanoparticles.  O'Brien and Cummins state that “two major areas should be concerned, that are, 
human health issues and environmental issues. With regard to human health issues there are 
many pathways to human exposure: inhalation, ingestion, and dermal infiltration” [124]. 
Genotoxicity and carcinogenesis are also possible effects [124]. According to Köhler and Som 
[122] and also Helland et. al. [121] carbon nanotubes seem to be able to accumulate in the food 
chain and ecosystems causing progressive damages to the environment and living beings. 
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Finally, the high price of the CNT makes their use almost impossible today for industrial 
production scale but the good results obtained opened new possibilities for future applications if 
the price of the nanotubes keeps on falling as expected as a result of technological 
developments.   
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Chapter 3 – Decorative Mortars (DCM) 
 
The aim at this work was to enhance the aesthetical properties of decorative mortars by 
adding inorganic photochromic materials, to yield materials that could change their colour or 
colour shade according to sunlight exposure. We report on investigations of the photochromic 
effect of pigments focussing on decorative mortar samples. Results are compared to those of 
the corresponding standard products upon sunlight exposure under the same conditions. For 
this purpose the addition of: (i) silver halides, (ii) milled photochromic eyeglass lenses, (iii) 
tungsten trioxide and, (iv) two mixtures of tungsten trioxide and titanium oxide nanoparticles was 
studied. 
A summary of the most important theoretical concepts regarding decorative mortars (DCM) 
will be presented as well as for photochromism including possible photochemical processes and 
the colorimetry technique used to analyse the colour of the samples.  
In the following sections, we focus on the addition of photochromic materials to the mortar 
paste (with or without titanium oxide). The photochromic properties were measured using the 
CIELAB Colour System. Samples were exposed at the same period of the day (3 or 4 pm) and 
the same period of the year (in March) to sunlight without the use of any other illuminant. The 
analyses of the results have been done by comparing the DRS values of the samples before 
and after sunlight exposure. In our work it is considered that a sample shows photochromic 
effects when the DRS values are an order of magnitude higher than those of the standard 
sample (containing 0% of photochromic compound) submitted to the same conditions of sunlight 
exposure.   
 
3.1 Literature Review 
3.1.1 Decorative Mortars 
 
Decorative mortars are mortars whose role is not strictly related to structural elements. The 
advancements in mortar stains and dyes, textures, and patterns have made it the most 
versatile, durable and cost-effective material in the construction market [9]. 
One of the biggest advantages of using decorative mortars relates to the durability of the 
materials which, upon appropriate selection, may be expected to remain in service for many 
years with relatively little maintenance. From the architectural point of view, mortar offers 
advantages in terms of great flexibility of plan form, spatial composition and appearance of 
external walls for which materials are available in a wide variety of colours and textures.  
For certain applications that require low tensile strength of mortar and the aesthetical is the 
main function of the mortar, DCM is the key.  
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DCM can be used among other things for: (i) walls, floors, worktops and buildings facades 
and (ii) repairing old facades by covering surfaces made of mortar, concrete, or even other 
materials. 
Since decorative mortars are used in thicker layers, they have to present at least to 
following characteristics: (i) good adherence to the material of the base of the wall, (ii) provide 
some hardness and elasticity and, (iii) cannot crack even in thicker layers. Moreover, it can act 
as a protective (not showing combustibility) and insulating (sound and heat) material.    
For aesthetic purposes, colour, design, gloss rating, and finish texture have to be taken in 
account. In this way the dyes and pigment industry spends much effort studying new products 
or improving those already commercialized to meet the customer’s needs. Among the properties 
of interest, the colour properties are the most important and, among these, lightfastness is a 
fundamental one [26]. In contrast to the latter, the term photochromism implies the reversibility 
of colour and has been observed for a variety of inorganic materials (e.g., MoO3 [28-32], WO3 
[35-38, 41, 115], WO3-TiO2 [34, 42, 93, 114], photochromic glasses [43, 44], BiVO4 [26, 27, 45] 
and others [46-55].  
Despite the fact that most of the work reported in the literature (~90%) concerns organic 
materials, in this work it was decided to explore the use of inorganic photochromic materials due 
to the fact that most organic materials might degraded, due to the high pH values of the fresh 
mortar pastes. 
 
3.1.2 Photochromism 
 
 
Photochromism is the reversible transformation of a chemical species between two forms by 
the absorption of electromagnetic radiation, where the two forms have different absorption 
spectra [56]. Trivially, this can be described as a reversible change of colour upon exposure to 
light.  
 
 
Change of the chemical structure                change of colour 
 
Fig. 3.1 - Schematic of an hypothetical photochromic material [125]. 
 
The phenomenon was discovered in late 1880s, including the work by Markwald, who 
studied the reversible change of colour of 2,3,4,4-tetrachloronaphthalen-1(4H)-one in the solid 
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state. He labelled this phenomenon "phototropy", and this name was used until the 1950s when 
Yehuda Hirshberg, of the Weizmann Institute of Science in Israel proposed the term 
"photochromism". Photochromism can take place in both organic and inorganic materials, and 
also has its place in biological systems (for example the retina in the vision process) [57]. 
Some of the most common processes involved in photochromism are pericyclic reactions, 
cis-trans isomerizations, intramolecular hydrogen transfer, intramolecular group transfers, 
dissociation processes and electron transfers (oxidation-reduction). 
Another somewhat arbitrary requirement of photochromism is that it requires the two states 
of the molecule to be thermally stable at ambient conditions for a reasonable time.  
 There is therefore a close relationship between photochromic and thermochromic 
materials. The timescale of thermal back-isomerization is important for applications, and may be 
molecularly engineered [58].  
Since photochromic chromophores are dyes, and operate according to well-known 
reactions, their molecular engineering to fine-tune their properties can be achieved relatively 
easily using known design models, quantum mechanics calculations, and experimentation. In 
particular, the tuning of absorbance bands to particular parts of the spectrum and the 
engineering of thermal stability have received much attention [58]. 
In photochromic materials, fatigue resistance refers to the loss of reversibility by processes 
such as photodegradation, photobleaching, photooxidation, and other side reactions. All 
photochromics suffer fatigue to some extent, and its rate is strongly dependent on the activating 
light and the conditions of the sample. 
In order to incorporate photochromic material in working systems, the same issues as those 
found with other dyes have to be dealt with. These materials are often charged in one or more 
states, and their photochromic response may involve large changes in polarity. They also often 
contain large conjugated systems that limit their solubility. Reversible photochromics are also 
found in applications such as toys, cosmetics, clothing and industrial applications. If necessary, 
they can be made to change between desired colours by combination with a permanent 
pigment [40]. 
As mentioned before, in this work, special attention will be given to the photochromism of 
the inorganic materials.  
3.1.2.1 Silver Chlorides 
 
Silver chloride (AgCl) is a white crystalline solid which is well known for its low solubility in 
water. Upon exposure to light it becomes deep greyish blue due to its decomposition in metallic 
silver and atomic chloride. This light-sensitive behaviour is the basis of the photographic 
processes. AgCl occurs naturally as a mineral chlorargyrite. The solid adopts the fcc NaCl 
structure, in which each Ag+ ion is surrounded by an octahedron of six chloride ligants.  One of 
the most famous reversible photochromic applications is the sunglasses [87]. The switching 
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speed of photochromic dyes is highly sensitive to the rigidity of the environment around the dye. 
As a result, they switch most rapidly in solution and slowest in the rigid environment like a 
polymer lense. 
3.1.2.2 Tungsten Oxide (WO3) and mixtures of Tungsten Oxide with 
Titanium oxide (WO3-TiO2)  
 
 Tungsten (VI) oxide, also known as tungsten trioxide (WO3) is one of the important 
chromogenics that can continuously switch between two optical states, and which shows many 
potential applications such as in “smart windows”, large area displays, automatic glare control in 
automotive rear-view mirrors, and erasable optical storage for example. So, extensive research 
studies have been carried out since Deb first reported its colouration phenomena at room 
temperature [93].  With the advent of research on colloidal semiconductors, He et al have 
published two particularly interesting papers regarding the photochromic behaviour of colloids of 
WO3 and of WO3-TiO2. [93, 114] According to these authors, WO3 has the band structure 
illustrated in Figure 3.2 and when electrons are added, they can occupy the t2g band yielding 
W5+ therefore, WO3 becomes coloured. In turn, when the electrons are removed, WO3 recovers 
its original transparency as the band gap becomes wider.  Moreover, these authors have also 
shown that the use of a photoresponsive semiconductor material such as TiO2 (which has a 
different energy-band structure – see Fig. 3.3) in the presence of oxygen, enhances the optical 
properties of WO3. This is thought to be due to the increase of electrons generated in the 
system and subsequent suppression of the recombination process of photogenerated carriers. 
In fact, they have actually shown that the photochromic properties of WO3 can be tuned by 
adequately adjusting the proportions of tungsten oxide to titanium oxide.  
 
 
Fig. 3.2 - Schematic band structure for the WO3 [93]. 
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Fig. 3.3 – Energy diagram for WO3-TiO2 composite system [93]. 
 
3.1.3 Colorimetry 
 
Colorimetry is the science used to quantify and describe what the human perceives. The 
basis for this science was established in 1931 by CIE (Commission Internationale de l‘ 
éclairage) [89].  Despite of its apparent trivial nature, colorimetry is a rather complex science, 
similar to spectrophotometry but its spectra are reduced to tristimulus values. According to CIE 
accurate specification of object colours and colour differences should be based on the three 
dimensional uniform colour spaces – CIELAB and CIELUV in 1976.  
Tristimulus values of a colour are the quantities of the three primary colours in any three-
component additive colour model used to match a colour [126]. In CIELAB space, L shows the 
lightness, and (a, b) the colour as shown in Fig. 3.4. The three coordinates of CIELAB represent 
the lightness of the colour (L, L = 0 yields black and L = 100 indicates diffuse white; specular 
white may be higher), its position between red/magenta and green (a, negative values indicate 
green while positive values indicate magenta) and its position between yellow and blue (b, 
negative values indicate blue and positive values indicate yellow) (See Figs. 3.4 and 3.5) [91]. 
 
 
Fig. 3.4 – CIELAB colour space in 2D [26].  Fig. 3.5 - CIELAB colour space in 3D [91]. 
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Several standard illuminants have been defined, e.g., standard illuminant A for 
incandescent light or D65 for natural daylight at a colour temperature of 6504 K. Moreover, as 
the geometry of the object is a crucial aspect, CIE recommends the use of one of four standard 
geometries – 45º/normal (45/0), normal/45º (0/45), diffuse/normal (d/0), and normal/diffuse (0/d) 
[89]. 
In this work colorimetry was used to monitor colour changes and/or changes in colour 
shade. This was done using the CIELAB Colour System was which is widely applied in industrial 
tests including at Weber Cimenfix. For most industrial purposes, colour differences are 
calculated from the reflectance spectra (RS). The difference of two such spectra obtained from 
an illuminated and non-illuminated sample, the ‘‘difference reflectance spectrum’’ (DRS), is 
automatically calculated by the colorimeter, as the Euclidean distance between the points in this 
three-dimensional space, according to the equation below. [89]  
 
 
In this work notice should be made that the term reflectance spectra used in the context of 
colorimetry refers exclusively to relations between tristimulus values. Moreover, in our case we 
called DRS to the difference between the parameters measured L, a and b before and after the 
sunlight exposure in order to determined if the colour of the samples were changing, and if so, 
which parameters were actually changing (i.e. black to white, green to red and/or blue to 
yellow).  As opposed to the values determined automatically by the instrument, the procedure 
described above provided further information regarding the photochromic processes involved.   
 
The L, a and b values were measured for each sample before and after exposure to light 
and the difference between such parameters calculated and compared to those obtained for a 
standard sample.  When the difference between any of the parameters was above one order of 
magnitude it was considered a “positive result”, i.e. the phtochromic effect of the additive used 
was detected.  
 
3.2 Experimental 
3.2.1 Addition of Halides (silver chloride)  
 
AgCl powder was purchased from Acros Organics (purity >90%). In this work the halide 
compound was mechanically mixed with the semi-finished decorative mortar. Upon one day of 
drying in a curing room colorimetry, measurements were made before an after exposure to light.  
∆E*ab= [(∆L*)2+(∆a*)2+(∆b)]2 
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3.2.1.1 Preparation of specimens  
 
Two different sets of specimens have been prepared: one using a decorative mortar 
containing TiO2 dye (to provide a white colour to the mortar) and another without it. For each set 
a standard product (0% of AgCl) was also prepared for comparison.  The composition of the 
semi-finished product can be found in 5.2.2. 
The silver chloride powder was added to the decorative mortar in the following 
concentrations (by weight of semi-finished product): 
 
• 0,01%; 
• 0,02%; 
• 0,04%; 
• 0,10%. 
 
For 100 gram of semi-finished cement mortar the silver chloride powder was added 
according of the concentrations cited above. The paste was manually mixed until 
homogenization and then applied on the surface of a white panel for further visualization.  
 
3.2.1.2 Results and Discussion 
3.2.1.2.1 Colorimetry  
 
Upon one day in a curing room (when the specimens were dry) the panels were kept in a 
dark room for 30 minutes prior to testing. Figs. 3.6 and 3.7 show the panels containing the 
samples prepared. 
Colorimetry analyses were carried out under a fluorescent lamp considered as standard. 
Each specimen was measured three times. Then, the panel was kept under sunlight exposure 
for 1 hour and the same colorimetric analysis was carried out. The results from the reflectance 
spectra (RS) of the samples before and after sunlight exposure are summarized in Tables 3.1 
and 3.2. Table 3.3 shows the difference reflectance spectra (DRS) of the samples before and 
after sunlight exposure. 
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Fig. 3.6 – Effect of silver chloride on DCM 
with white dye. STD sample (left), 0,05%, 
0,10%, 0,20%, 0,40% and 1% (right). 
 
Fig. 3.7– Effect of silver chloride on DCM 
without white dye. STD sample (left), 
0,05%, 0,10%, 0,20%, 0,40% and 1% (right). 
 
 
Table 3.1 – RS results of DCM without TiO2 before sunlight exposure. 
 
RS of the samples before sunlight exposure 
Average  0% 0,05% 0,10% 0,20% 0,40% 1% 
L 66,8 63 63,9 62,4 61,1 55,9 
a 1,3 1,8 1,4 1,7 1,8 1,5 
b 10,2 9,7 9 8,7 8 6,1 
 
 
Table 3.2 - RS results of DCM without TiO2 after sunlight exposure. 
 
RS of the samples after sunlight exposure (1 hour) 
Average  0% 0,05% 0,10% 0,20% 0,40% 1% 
L 66,4 62,9 63 61,9 59,7 52,6 
a 1,2 1,3 1,9 1,2 0,7 1,5 
b 10,5 9,9 9,1 7,7 7,8 5,9 
 
 
Table 3.3 – DRS results of DCM without TiO2. 
 
DRS of the samples 
Average  0% 0,05% 0,10% 0,20% 0,40% 1% 
∆L -0,4 -0,1 -0,9 -0,5 -1,4 -3,3 
∆a -0,1 -0,5 0,5 -0,5 -1,1 0 
∆b 0,3 0,2 0,1 -1,0 -0,2 -0,2 
 
As it can be seen on Table 3.3, the DRS of the samples (without white dye) were not 
expressive. These differences in the colour cannot be distinguished visually and even the DRS 
values are too similar (or smaller) to the standard sample. 
The same procedure was followed for the samples using white dye. The results from the 
reflectance spectra (RS) of the samples before and after sunlight exposure are summarized in 
Tables 3.4 and 3.5. Table 3.6 shows the difference reflectance spectra (DRS) of the samples 
before and after sunlight exposure. 
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Table 3.4 – RS results of DCM with TiO2 before sunlight exposure. 
 
RS of the samples before sunlight exposure 
Average  0% 0,05% 0,10% 0,20% 0,40% 1% 
L 78 78 76,9 76,9 77,3 75,8 
a -0,3 -0,3 -0,3 -0,3 -0,4 -0,4 
b 2,7 2,6 2,8 2,9 2,5 2,1 
 
Table 3.5 - RS results of DCM with TiO2 after sunlight exposure. 
 
RS of the samples after sunlight exposure (1 hour) 
Average  0% 0,05% 0,10% 0,20% 0,40% 1% 
L 77 78 77,3 76,9 76,7 76,2 
a -0,9 -1,3 -1,3 -1,2 -1,5 -1,2 
b 3,1 2,2 2,4 2,6 2,1 1,6 
 
Table 3.6 – DRS results of DCM with TiO2. 
 
DRS of the samples 
Average  0% 0,05% 0,10% 0,20% 0,40% 1% 
∆L -1,0 0 0,4 0 -0,6 0,4 
∆a -0,6 -1,0 -1,0 -0,9 -1,1 -0,8 
∆b 0,4 -0,4 -0,4 -0,3 -0,4 -0,5 
 
As it can be seen on Table 3.6, the DRS of the samples (with white dye) were also not 
expressive. As in the previous case these differences on the colour cannot be distinguished 
visually or and even the DRS values are too similar (or smaller) to the standard sample.  
Upon light exposure AgCl turns to greyish or purplish colouration due its conversion to silver 
in chloride [58].  In fact, due to its high sensitive to oxidation by atmospheric oxygen AgCl may 
also undergo oxidation during the preparation of the mortar paste. Possible reasons for the poor 
results obtained are probably due chemical reaction between the components of the cement 
paste and the silver chloride resulting in the oxidation of the latter. Moreover the concentration 
of the halide compound might not be enough to be detected. However, bearing in mind the high 
price of AgCl the use of higher concentrations would result in commercially unviable DCM.  
Having checked the literature, another cause for the results obtained may be related to the 
fact that the photochromic effect is highly sensitive to the rigidity of the environment around the 
dye. Therefore, it is possible that due the rigid structure of the cement mortar after cure ageing it 
may not be possible for the AgCl structure to  expand after light exposure hence, not achieving 
the colour change. Another reason, possibly the most probable, for the poor results obtained in 
this work was the fact that copper chloride (CuCl) crystals were not added together with the 
AgCl as it is done in the case of the photogrey lenses. In fact it has been reported that CuCl is 
responsible for the reverse photochromic effect of the AgCl [92]. Unfortunately, this information 
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was only found when this thesis was being written. The main mechanism of the susceptibility to 
oxidation and reduction of the AgCl by light is described below: 
 
 
 
 
 
The chloride ions are oxidized to produce chlorine atoms and an electron. The electron is 
then transferred to the silver ions to produce silver atoms. These atoms cluster together and 
block the transmittance of light, causing the lenses to darken [92]. 
The net effect of these reactions is that the lenses become transparent again as the silver 
and chloride atoms are converted to their original oxidized and reduced states. In this way when 
the lenses are removed from light the presence of copper chloride reverses the darkening 
process as illustrated in the following scheme: 
 
 
 
 
The chlorine atoms formed upon exposure to light are reduced by the copper ions, 
preventing their escape as gaseous atoms from the matrix [92]. The (+1) ion copper is oxidized 
to produce copper (+2) ions, which then react with the silver atoms as shown below:   
 
 
 
Probably the AgCl was oxidized during the preparation of the sample and could not act in 
the reverse way due to the absence of CuCl. 
 
3.2.2 Addition of Halides (milled photochromic lenses 
containing silver chloride) 
 
As the use of the AgCl powder did not provide satisfactory results it was decided to try the 
use of photogrey lenses. In this case the photochromic filler can be provided at a low cost or 
even no-cost from the eyeglass industry, as was in our case. 
 The use of milled lenses may act in a different way because the halides are dispersed in 
the glass in pre-tested concentrations and approved for commercial uses. Furthermore the 
lenses may act as a reinforcement material for the mortar due to the presence of SiO2.  
Cl-                 oxidation  Cl   +   e- 
 
Ag+   +   e-      reduction Ag 
             Cl             +              Cu+                      Cu+2         +            Cl- 
oxidizing agent reducing agent      oxidized species            reduced species 
 
Cu+2           +        Ag               Cu+1       +          Ag+ 
oxidizing agent             reducing agent            reduced species          oxidized species 
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3.2.2.1 Preparation of specimens  
 
The photochromic eyeglass lenses were kindly given by the company IOLA - SOLA Optical 
Portugal that produces lenses using glass and polycarbonate materials. As the main 
composition of glasses is SiO2 and it can be used in mortars as fillers providing enhancement of 
the mechanical properties, glass-based lenses were chosen to be used in this work instead of 
the polymeric ones. Besides, glass is easier to be milled when compared to polycarbonate. 
Moreover, in this case the AgCl is dispersed in the entire material (glass lenses) while in 
polymer based ones just a thin film is used.   
For industrial and commercial purposes, the company did not provide the composition of the 
lenses. The lenses were milled until a uniform size of the particle was reached.  The milling 
procedure of the lenses is described in the 5.2.7.  
Two different sets, one using decorative mortar containing TiO2 dye (to provide a white 
colour to the mortar) and another decorative mortar without TiO2 dye, were prepared in each 
case a standard product (0% of milled lenses) was used for comparison.   
For 100 gram of semi-finished cement mortar the milled lenses powder was added 
according of the concentrations cited below:   
• 0,01%;  
• 0,02%;  
• 0,04%;  
• 0,10%. 
 
The paste was manually mixed until homogenization and then applied on the surface of a 
white panel for further visualization.   
3.2.2.2 Results and Discussion 
3.2.2.2.1 Inductively coupled plasma mass spectrometry (ICP-MS) of 
the milled lenses 
 
A sample of the milled eyeglass lenses was analysed by ICP-MS in order to determine its 
elemental composition (especially the Ag concentration). Table 3.7 shows the concentrations of 
the ions obtained: 
Table 3.7 – Elemental analysis of the photochromic eyeglass lenses. 
  
B Mg Na Si K Ag Cd Ba Pb 
µg/g µg/g % (m/m)  µg/g µg/g µg/g µg/g µg/g µg/g 
<30 99,4 10,8 <500 2050 25,1 0,32 4130 1090 
 
As it can be seen the concentration of Ag in the sample was high confirming the presence 
of the AgCl. The other components are common in the composition of the glasses used to 
produce this kind of lenses. 
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3.2.2.2.2. Size Dispersion  
 
The average size and dispersion of the lenses’ particles was carried out using a Zeta Size 
equipment. Fig. 3.8 shows the size distribution of the particles and Table 3.8 summarizes the 
average distribution of the particles. 
 
Table 3.8 - Average distribution of 
the particles from the eyeglass 
lenses. 
 
Size Mean 
(nm) (Intensity %) 
712 3,4 
825 9,6 
955 16,3 
1110 20,7 
1280 20,7 
1480 16,4 
1720 9,6 
1990 3,2 
 
 
Fig. 3.8 - Average distribution of the particles from 
the eyeglass lenses. 
 
As can be seen the average size of the particles was around 1110 and 1280 nanometres. 
The sample showed a broad distribution which is good for its dispersion in the mortar.    
3.2.2.2.3 Colorimetry 
 
Upon one day in the curing room (when the specimens were dry) the panel was kept in a 
dark room for 30 minutes to avoid any light exposure.  Colorimetry analyses were carried out 
under a fluorescent lamp considered as standard. Each specimen was measured three times. 
Then, the panel was kept upon sunlight exposure for 1 hour and the same colorimetric analysis 
was carried out. The results from the reflectance spectra (RS) of the samples before and after 
sunlight exposure are summarised in Tables 3.9 and 3.10. Table 3.11 shows the difference 
reflectance spectra (DRS) of the samples before and after sunlight exposure. Figs. 3.9 and 3.10 
show the panels containing the samples prepared. 
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Fig. 3.9 - Effect of milled lenses to DCM 
with TiO2. STD (left), 0,05%, 0,10%, 0,20%, 
0,40% and 1% (right). 
 
Fig. 3.10- Effect of milled lenses to DCM 
without TiO2. STD (left), 0,05%, 0,10%, 
0,20%, 0,40% and 1% (right). 
 
 
Table 3.9 – RS results of DCM without TiO2 before sunlight exposure. 
 
RS of the samples before sunlight exposure 
Average  0% 0,50% 1% 5% 10% 
L 63,30 64,17 64,40 64,30 63,77 
a 1,87 1,40 1,40 2,13 1,73 
b 10,87 11,10 10,70 10,70 9,20 
 
 
Table 3.10 - RS results of DCM without TiO2 after sunlight exposure. 
 
RS of the samples after sunlight exposure (1 hour) 
Average  0% 0,50% 1% 5% 10% 
L 64,33 63,47 64,13 64,20 63,83 
a 1,33 1,60 1,47 1,50 1,47 
b 11,03 11,23 10,87 10,27 8,73 
 
Table 3.11 – DRS results of DCM without TiO2. 
 
DRS of the samples 
Average  0% 0,50% 1% 5% 10% 
∆L 1,03 -0,70 -0,27 -0,10 0,07 
∆a -0,53 0,20 0,07 -0,63 -0,27 
∆b 0,17 0,13 0,17 -0,43 -0,47 
 
 
As it can be seen on Table 3.11, the DRS of the samples without the white dye were not 
expressive as the differences in the colour cannot be distinguished visually and even the DRS 
values are too similar (or smaller) to the standard sample. The possible reasons for the negative 
results are the same as explained previously for AgCl.  
The same procedure was applied for the samples using white dye. The results from the 
reflectance spectra (RS) of the samples before and after sunlight exposure are summarised in 
Tables 3.12 and 3.13. Table 3.14 shows the difference reflectance spectra (DRS) of the 
samples before and after sunlight exposure. 
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Table 3.12 – RS results of DCM with TiO2 before sunlight exposure. 
 
 
RS of the samples before sunlight exposure 
Average  0% 0,50% 1% 5% 10% 
L 76,73 76,23 75,37 77,50 75,67 
a -0,10 -0,10 -0,53 -0,30 -0,03 
b 3,43 3,63 3,37 3,50 3,53 
 
 
Table 3.13 - RS results of DCM with TiO2 after sunlight exposure. 
 
RS of the samples after sunlight exposure (1 hour) 
Average  0% 0,50% 1% 5% 10% 
L 77,03 76,47 76,07 76,83 75,77 
a -0,43 -0,33 -0,83 -0,30 -0,23 
b 3,63 3,77 3,60 3,60 3,40 
 
Table 3.14 - DRS results of DCM with TiO2. 
 
DRS of the samples 
Average  0% 0,50% 1% 5% 10% 
∆L 0,30 0,23 0,70 -0,67 0,10 
∆a -0,33 -0,23 -0,30 0,00 -0,20 
∆b 0,20 0,13 0,23 0,10 -0,13 
 
 
As can it be seen on the Table 3.14 the variation on the colorimetry results of the samples 
(with white dye) were not significant. These differences on the colour cannot be distinguished 
visually and even the DRS values are too similar (or smaller) to the standard sample. The 
possible reasons for these results are the same as explained previously for AgCl.  
As regards the concentration of milled lenses it was not increased due the negative effects 
that it might cause on the physical and mechanical properties of the DCM. Another possible 
reason for the results obtained is probably the concentration of the AgCl in the milled lenses. 
According to the ICP-MS results, the concentration of the Ag (from AgCl) in the lenses was 25 
µg/g (by weight of glass); probably not enough for the photochromic effect to be detected in the 
composite. Notice should be made that copper was not analysed by the ICP-MS because at that 
time we did not know about its effect on the lenses’ photochromism. However, as the lenses 
showed positive photochromic effect after being exposed to the sunlight in this case, the poor 
results obtained were not related to the eventual absence of copper.  
 Chapter 3  - Decorative Mortars (DCM) 
 
 52
3.2.3 Addition of Tungsten Oxide (WO3)  
 
Taking in account the poor results regarding the use of halides (AgCl and milled lenses), a 
new approach was studied. Is known from the literature [35-38, 41, 115] that materials based on 
WO3 exhibit photochromic effects upon sunlight exposure. Moreover, further to He et al works, 
which have already been briefly discussed in 3.1.2 this material was also used in combination 
with TiO2.  
3.2.3.1 Preparation of the DCM-WO3 specimens  
 
Specimens have been prepared using decorative mortar containing TiO2 dye.  A standard 
product (0% of WO3) was prepared for comparison.   
For 100 gram of semi-finished cement mortar the tungsten oxide powder was added 
according of the concentrations cited below:  
• 0,5%;  
• 1,0%;  
• 2,5% 
  
The paste was manually mixed until homogenization and then applied on the surface of a 
white panel for further visualization.  
3.2.3.2 Results and Discussion 
3.2.3.2.1 Colorimetry 
 
Upon one day in the curing room (when the specimens were dry) the panel was kept in a 
dark room for 30 minutes to avoid any light exposure. After this time, colorimetry analyses were 
carried out under a fluorescent lamp considered as standard. Each specimen was measured 
three times. Then, the panel was kept upon sunlight exposure for 1 hour and the same 
colorimetric analysis was carried out. The results from the reflectance spectra (RS) of the 
samples before and after sunlight exposure are summarized in Tables 3.15 and 3.16. Table 
3.17 shows the difference reflectance spectra (DRS) of the samples before and after sunlight 
exposure. 
Figure 3.11 shows the panel containing the samples after one day in the curing room.  
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Fig. 3.11 - Effect of WO3 on DCM. From left to right, STD, 0,5%, 
1,0% and 2,5% of WO3. 
 
Table 3.15 – RS results of DCM with TiO2 before sunlight exposure. 
 
RS of the samples before sunlight exposure 
Average  STD 0,50% 1,00% 2,50% 
L 78,63 77,60 76,33 74,10 
a -0,50 -2,43 -3,60 -5,43 
b 3,27 4,40 5,17 6,40 
 
 
Table 3.16 - RS results of DCM with TiO2 after sunlight exposure.  
 
RS of the samples after sunlight exposure (1 hour) 
Average  STD 0,50% 1,00% 2,50% 
L 78,47 76,43 74,97 71,37 
a -0,60 -2,90 -4,03 -5,83 
b 3,17 3,57 3,77 4,40 
 
 
Table 3.17 – DRS results of DCM with TiO2.  
 
DRS of the samples 
Average  STD 0,50% 1,00% 2,50% 
∆L -0,17 -1,17 -1,37 -2,73 
∆a -0,10 -0,47 -0,43 -0,40 
∆b -0,10 -0,83 -1,40 -2,00 
 
From the tables above it is possible to observe that the results of the samples were 
expressive. The samples after 1 hour of sunlight exposure became a little bit darker, greener 
and bluer. 
 The parameter “L”, related to the lightness, tends to decrease upon sunlight exposure 
when the concentration of WO3 powder is increased. The parameter “a”, related to the green-
red colour, was reduced but the value was kept constant even when the concentration of the 
WO3 powder was increased. The parameter “b”, related to the blue-yellow colour, also 
decreased upon with sunlight exposure when the concentration of WO3 powder was increased.  
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The colours from the sample (before and after sunlight exposure) containing 2,5% of WO3 
powder (sample with the highest differences on the results of the colorimetry, DRS) were 
simulated on the Abobe Photoshop program using real parameters (L, a and b from Cielab 
space) and shown on Figs. 3.12 and 3.13.  
 
 
 
Fig. 3.12 – Colour (simulated on Abobe 
Photoshop) of the sample before sunlight 
exposure. 
 
 
Fig. 3.13 - Colour (simulated on Abobe 
Photoshop) of the sample after sunlight 
exposure. 
 
 
 
Fig. 3.14 – Possible colour (simulated on Adobe Photoshop) using the 
DRS extrapolated values of the samples containing WO3 powder.  
 
These differences are still not easily distinguished by naked eye after sunlight exposure and 
cannot still be used for commercial purposes. However, this material may have commercial 
applications in the future with further study on enhancement of its photochromic effect.    
 
Fig. 3.14 shows a colour simulated on Adobe Photoshop using the DRS values calculated 
for the sample prepared using 2,5% of WO3 which were multiplied by 10. This exercise was 
done to have an idea of the colour that might be obtained if the photochromic effect of the DCM 
would be increased by 10 fold. As it can be seen in the Fig. 3.14 using extrapolated values, the 
colour tends to be darker and bluer after sunlight exposure.  
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3.2.4 Addition of tungsten oxide mixed with titanium oxide 
nanoparticles (WO3-TiO2) 
 
Taking into account the promising results regarding the use of WO3 powder though not very 
significant, mixtures of this material with TiO2 were studied aiming at improving the 
photochromism effect. As referred in the introduction the use of WO3 combined with TiO2 
nanoparticles is known to enhance the photochromic effects upon sunlight exposure. [34, 42, 
93, 114] Based on He et al. work [114] who obtained positive results using WO3-TiO2 colloids 
synthesized via the forced hydrolysis technique, in this work mixtures of commercial powders of 
WO3 and TiO2 were tested. The reasons for this option were due to the time necessary for the 
preparation of the colloids and the fact that, the semi-finished mortar should no longer had any 
addition of water.    
In order to assess the effect of the ratio between the two components two composites have 
been tested. Composite 4026 WT was produced using the molar ratios 0,40 M (WO3): 0,26 M 
(TiO2) while composite 02363 WT was produced using the molar ratios 0,023 M (WO3): 0,063 M 
(TiO2). These ratios were the same as those tested by He et al using colloids. 
3.2.4.1 Preparation of DCM-4026 WT and DCM-02363 WT specimens  
 
Composites WO3-TiO2, called in this work 4026 WT and 02363 WT depending on the molar 
ratios were prepared using WO3 and TiO2 nanoparticles purchased from Degussa. For 4026 WT 
the molar ratio was 0,40M (WO3) : 0,26 M (TiO2).  For 02363 WT the molar ratio was 0,023 M 
(WO3): 0,063 M (TiO2). Both components were weighted and mixed manually. Neither water nor 
any other dispersant was used.   
The quantities used for each case, based on 100 gram of semi-finished mortar with TiO2 
dye, were:  
For DCM-4026 WT:  
•  0,85%;  
• 1,70%;  
• 3,4%. 
 
And for  DCM-02363 WT 
• 1,03%;  
• 2,6%;  
• 4,12%. 
 
The paste was manually mixed until homogenization and then applied on the surface of a 
white panel for further visualization. A standard product (0% of WO3-TiO2 compound) was 
prepared for comparison. 
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3.2.4.2 Results and Discussion of DCM-4026 WT 
3.2.4.2.1 Colorimetry  
 
Upon one day in the curing room (when the specimens were dry) the panel was kept in a 
dark room for 30 minutes to avoid any light exposure. After this time, colorimetry analyses were 
carried out under a fluorescent lamp considered as standard. Each specimen was measured 
three times. Then, the panel was kept under sunlight exposure for 1 hour and the same 
colorimetric analysis was carried out. The results from the reflectance spectra (RS) of the 
samples before and after sunlight exposure are summarised in Tables 3.18 and 3.19. Table 
3.20 shows the difference reflectance spectra (DRS) of the samples before and after sunlight 
exposure.  
Figure 3.15 shows the panel containing the samples after one day in the curing room.  
 
 
 
Fig. 3.15 - Effect of 4026 WT on DCM. From left to right, STD, 
0,5%, 1,0% and 2,5% of 4026 WT. 
 
Table 3.18 – RS results of DCM-4026 WT before sunlight exposure.  
 
 
RS of the samples before sunlight exposure 
Average  STD 0,85% 1,70% 3,40% 
L 78,90 77,13 74,83 72,27 
a -0,57 -2,97 -4,27 -5,83 
b 3,23 4,73 5,37 5,70 
 
Table 3.19 – DRS results of DCM-4026 WT after sunlight exposure.  
 
RS of the samples after sunlight exposure (1 hour) 
Average  STD 0,85% 1,70% 3,40% 
L 78,77 75,73 72,33 69,63 
a -0,63 -3,53 -4,93 -6,37 
b 3,20 3,53 3,40 3,27 
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Table 3.20 – DRS of the DCM-4026 WT samples.  
 
DRS of the samples  
Average  STD 0,85% 1,70% 3,40% 
∆L -0,13 -1,40 -2,50 -2,63 
∆a -0,07 -0,57 -0,67 -0,53 
∆b -0,03 -1,20 -1,97 -2,43 
 
From the tables above it is possible to confirm that the results of the samples were 
expressive. The results were still better than those obtained using just WO3 as it can be 
compared from Tables 3.15 and 3.16.  
The samples after sunlight exposure became a little bit darker, greener and bluer. The 
parameter “L” tends to decrease upon sunlight exposure even when the 4026 WT is increased. 
The parameter “a” was reduced but the value was kept constant even when the concentration of 
the 4026 WT was increased. The parameter “b” also tends to decrease upon sunlight exposure 
when the concentration of 4026 WT powder was increased.  
The colours from the sample (before and after sunlight exposure) containing 3,4% of 4026 
WT powder (sample with highest differences of DRS) were simulated on the program Abobe 
Photoshop using real parameters (L, a and b from Cielab scale) and are shown on Figs. 3.1 and 
3.17.  
Fig. 3.18 shows a colour simulated on Adobe Photoshop using the DRS values calculated 
for the sample prepared using 3,4% of 4026 WT powder which were multiplied by 10. This 
exercise was done to have an idea of the colour that may be achieved in the future if the 
photochromic effect of the DCM is increased the same trend.  
 
 
 
Fig. 3.16 – Colour (simulated on Abobe 
Photoshop) of the sample before sunlight 
exposure. 
 
 
Fig. 3.17 - Colour (simulated on Abobe 
Photoshop) of the sample after sunlight 
exposure. 
 
As it can be seen in the Fig. 3.18 using extrapolated values, the colour tends to be darker 
and bluer after the sunlight exposure when the concentration of 4026 WT powder is increased.  
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These differences are still hard to distinguish by the naked eye after sunlight exposure and 
still cannot be used for commercial purposes. This material may have commercial applications 
in the future after further studies on the enhancement of its photochromic effect.    
 
 
 
Fig. 3.18 – Possible colour (simulated on Adobe Photoshop) using the DRS 
extrapolated values of the samples containing 4026 WT powder. 
 
3.2.4.3 Results and Discussion of DCM-02363 WT 
 
3.2.4.3.1 Colorimetry 
 
Upon one day in the curing room (when the specimens were dry) the panel was kept in a 
dark room for 30 minutes to avoid any light exposure. After this time, colorimetry analyses were 
carried out under a fluorescent lamp considered as standard. Each specimen was measured 
three times. Then, the panel was kept upon sunlight exposure for 1 hour and the same 
colorimetric analysis was carried out. The results from the reflectance spectra (RS) of the 
samples before and after sunlight exposure can be seen on Tables 3.21 and 3.22. Table 3.23 
the difference reflectance spectra (DRS) of the samples before and after sunlight exposure. 
Figure 3.19 shows the panel containing the samples after one day in the curing room. 
 
 
Fig. 3.19 - Effect of 02363 WT on DCM. From left to 
right, STD, 1,03%, 2,6% and 4,12% of 02363 WT. 
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Table 3.21 – RS results of DCM-02363 WT before sunlight exposure.  
 
RS of the samples before sunlight exposure 
Average  STD 1,03% 2,60% 4,12% 
L 78,50 76,90 74,53 72,90 
a -0,47 -2,60 -4,50 -5,37 
b 3,27 4,37 5,20 5,33 
 
Table 3.22 - RS results of DCM-02363 WT after sunlight exposure.  
 
RS of the samples after sunlight exposure (1 hour) 
Average  STD 1,03% 2,60% 4,12% 
L 78,03 75,33 72,07 69,63 
a -0,73 -3,20 -5,13 -1,97 
b 3,53 3,33 3,17 2,80 
 
Table 3.23 – DRS of the DCM-02363 WT samples.  
 
DRS of the samples 
Average  STD 1,03% 2,60% 4,12% 
∆L -0,47 -1,57 -2,47 -3,27 
∆a -0,27 -0,60 -0,63 3,40 
∆b 0,27 -1,03 -2,03 -2,53 
 
From the tables above it is possible to confirm that the results of the samples were also 
significant.  The results were still better than those obtained for composite 4026 WT. 
The parameter “L” tends to decrease upon sunlight exposure when the concentration of 
02363 WT is increased.  
Different from the specimens prepared with WO3 and 4026 WT, for the sample containing 
4,12% of 02363 WT the values of the “a” parameter increased considerably (instead of 
decreasing) tending to the colour red against what was expected. In all samples tested before 
the values for that parameter decreased to greener values. These results are quite important 
commercially, opening possibilities for the mortar to change colour instead of just changing its 
shade.  
The parameter “b” related to the blue-yellow colour also tends to decrease upon sunlight 
exposure when the concentration of 02363 WT powder was increased. The samples after 
sunlight exposure became a little bit darker, less green (tending to red) and bluer.  
The colours from the sample (before and after sunlight exposure) containing 4,12% of 
02363 WT (sample with highest DRS) were simulated on the program Abobe Photoshop using 
real parameters (L, a and b from Cielab scale) which are shown on the Figs. 3.20 and 3.21.  
Fig. 3.22 shows a colour simulated on Adobe Photoshop using the DRS values calculated 
for the sample prepared using 4,12 % of 02363 WT powder which were multiplied by 10. This 
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exercise was done to have an idea of the colour that may be achieved in the future if the 
photochromic effect of the DCM is increased in the same trend.  
 
 
 
Fig. 3.20 - Colour (simulated on Abobe 
Photoshop) of the sample before sunlight 
exposure. 
 
 
Fig. 3.21 - Colour (simulated on Abobe 
Photoshop) of the sample after sunlight 
exposure. 
 
 
 
Fig. 3.22 – Possible colour (simulated on Adobe Photoshop) using the DRS extrapolated 
values of the samples containing 4,12 % of 02363 WT powder.  
 
As it can be seen in the Fig. 3.22 using extrapolated values, the colour tends to be purple 
after sunlight exposure when the concentration of 02363 WT powder is increased.  
These differences are still hard to distinguish by the naked eye after sunlight exposure and 
still cannot be used for commercial purposes. This material may have commercial applications 
in the future after further studies on the enhancement of its photochromic effect.    
The improvement on the photochromic effect registered resulting from the addition of TiO2 
seems to be explained by the argument proposed by He et al for colloidal suspensions of these 
materials. As discussed earlier in 3.1.2, the TiO2 seems to be responsible for the increase of 
photogenerated electrons that participate in the colouration process for the same concentration 
of WO3 [114]. Considering the simplicity of the procedure followed in this study and the fact that 
commercial WO3 particles were used, the results obtained are particularly promising.  
This material may have commercial applications in future though further studies regarding 
the enhancement of its photochromic effect are still necessary.    
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 3.2.5 - Reinforced Decorative Mortar (DCM-MWCNT) 
 
 
As DCM are used to cover walls, floors and grounds and they are always related to 
aesthetical purposes, the objective of this work was to test the possibility of using CNTs in DCM 
to increase the mechanical properties without changing the aesthetics of the product i.e. the 
texture of the mortar, agglomerates and etc…). 
Different from the previous studies, no colorimetry or mechanical/physical properties were 
carried out. Assessments were simply made by visual inspection to detect the presence of 
agglomerates.    
Taking in account that the DCM is a semi-finished product (i.e. already contains water) the 
CNTs had to be added almost directly to the mortar without any previous dispersion. Different 
amounts of MWCNT and MWCNT-oxy have been tested.  
 
3.2.5.1 Addition of MWCNT to DCM 
 
DCM-MWCNT was prepared via manual mixture. For 100 gram of semi-finished mortar with 
TiO2 dye, MWCNT were added according of the concentrations cited below:  
• 0,10% with dispersion in water (Dwt); 
• 0,10% with dispersion in water and Triton X405 (Dt); 
• 0,10% with dispersion in water, Triton X405 and poly(acrylic acid) (Da) ; 
• 0,25% using dry mixture (Dd); 
• 0,30% using dry mixture (Dd). 
 
The paste was manually mixed until homogenization and then applied on the surface of a 
white panel for further visualization. A standard product (0 w% of MWCNT) was prepared for 
comparison. 
As it can be seen in Fig. 3.23 all samples had aggregates of CNT. In samples where the 
concentration of CNTs was higher (0,25% and 0,30% of CNT) the addition was almost 
impossible due to the high amount of agglomerates formed during the trowelling.   As a result 
the workability of the mortars decreased with the use of the MWCNTs. In conclusion, it is 
impossible to use neat MWCNT in any concentration as the formation of agglomerates 
significantly changes the workability and aesthetics of the original product. 
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3.2.5.2 – Addition of MWCNT-oxy to DCM 
 
Next, the effect of MWCNT-oxy was tested using 0,10 w%.  From the visual inspection it is 
possible to conclude that it is possible to use MWCNT-oxy in DCM. The MWCNT-oxy were well 
dispersion in the DCM resulting in a product without agglomerates. The colour of the DCM with 
the nanotubes became greyish due the good dispersion of the nanotubes. The changing of the 
colour is a good indicative that the nanotubes were well dispersed in the material.  Fig. 3.24 
shows the panel where the samples were applied.  
 
The workability of the DCM decrease a little bit with the addition of the MWCNT-oxy when 
compared to the standard product but the trowelling process occurred normally.  
The use of oxidized MWCNT is possible due to the good affinity of the nanotubes to the 
semi-finished product.    
 
Fig. 3.23 - Effect of addition of MWCNT in different concentrations and dispersion methods. Left to right 
side: (i) STD, (ii) 0,10% of CNT (Dt), (iii)  0,10% of CNT Dwt, Da and, (iv) 0,25% CNT Dd, (v) 0,30% 
CNT (Dd). 
 
Fig. 3.24- Effect of MWCNT-oxy on DCM. STD sample (left side) and right side (DCM with 
MWCNT-oxy).  
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3.3 Conclusions  
 
The industry of pigments as well as researchers are investing time and new technologies to 
produce materials that present photochromic behaviour for applications in a wide variety of 
areas but it is still difficult to find materials that may act efficiently in DCM.  DCM with 
photochromic materials have a particularly potential for some niches of the market if their effects 
can be detected by naked eye after some exposure to sunlight. This work showed that 
photochromic materials may in future be possible candidates to enhance aesthetical properties 
of decorative mortars. 
Regarding the materials tested during this work, the use of the silver chloride did not result 
in positive effects of photochromism on the decorative mortar (with or without the presence of 
the TiO2 dye). Possible reasons may include (i) its oxidation when in contact of the oxygen from 
the atmosphere air, (ii) some chemical reaction with the components of the fresh mortar paste, 
(iii) the stiffness of the cement mortar after curing blocking the free movements of the Ag and Cl 
and, (iv) the fact that copper chloride was not added to the samples resulting in this way in a 
irreversible photochromic effect.    
Regarding the use of the milled lenses, its addition did not result in positive effects of 
photochromism on the decorative mortar (with or without the presence of the TiO2 dye). 
Possible reasons may include the concentration of milled lenses used in this work which 
possibly did not match the necessary percentage to yield some photochromic effect or even the 
quality of the lenses. The increase of this percentage becomes impossible due to the possible 
changes on the mechanical properties of the decorative mortar  
Addition of the WO3 powder resulted in positive effects of photochromism on the decorative 
mortar but cannot be used commercially due its low photochromism effect. From the DRS 
values of the CIELAB Colour System it is possible to affirm that the colour of the sample tends 
to become darker and bluer when the concentration of the WO3 powder is increased. Upon 
sunlight exposure the samples presented changes related to the colour shade.  
Addition of 4026 WT resulted in positive effects of photochromism on the decorative mortar 
but still cannot be used commercially due its low photochromism effect. From the DRS values of 
the CIELAB Colour System it is possible to affirm that the colour of the sample tends to become 
darker and bluer when the concentration of the 2640 WT is increased. Upon sunlight exposure 
the samples presented changes related to the colour shade.  
Addition of 02363 WT resulted in positive effects of photochromism on the decorative 
mortar but cannot be used commercially due its low photochromism effect. From the DRS 
values of the CIELAB Colour System it is possible to affirm that the colour of the sample 
become darker, tending to the purple colour (mixture of the red and blue) when the 
concentration of the 02363 WT is increased. Upon sunlight exposure the samples presented 
changes related to the colour. The enhancement of photochromism effect obtained can be 
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explained by the combination of TiO2 and WO3 that according to He et al results from the fact 
that the total quantity of electrons originally generated in the system increases after the 
combination of the TiO2 (photoresponsive semiconductor) with the WO3.  
As mentioned before these materials using WO3 and TiO2 still cannot be used 
commercially, but they are very promising materials in the future when their photochromic 
properties will be enhanced.  
As a suggestion for further works, the use of different methods of mixing the materials as 
colloids or gel-sol solutions [93, 114] and even thermal treatments [27, 41] should be 
considered. The use of different materials such as bismuth vanadate [27, 45], Ni-Al [46], 
Tb3Ga12O12 [52], POM [47, 49, 51], SiO2-TiO2 [55] Cu [53] as well as Co-Fe [54] are also 
promising materials that might be worth investigating.  
For the colorimetry analyses it is suggested the use of an UV-lamp that simulates the 
sunlight exposure. The use of this lamp will provide the same irradiation on the samples and the 
analyses can be carried out using different exposure times.  
Finally, although the use of these DCM with addition of photochromic materials still cannot 
be used commercially due its low photochromism effect it was proven they are promising 
materials to be used in the future.  
As regards the effect of MWCNT, the use of MWCNT without any surface modification is not 
possible also in DCM just like it was verified for SCM. The products have shown the presence of 
agglomerates for all concentrations and methods of dispersion tested. The workability of the 
product decreased during the trowelling process hence its application becomes almost 
impossible. However, the use of MWCNT-oxy yielded good results and no agglomerates were 
detected. The workability was inferior to the standard product but can be used without problems. 
These nanotubes have shown good affinity to the DCM resulting in a greyish homogenous 
product.  
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Chapter 4 - Conclusions 
 
 
This study has shown that it is possible to distribute CNT across cement grains using 
oxidation and dispersion in a titanium oxide suspension techniques. The key for the 
improvement of the SCM’s mechanical properties is the homogeneous dispersion of the 
nanotubes in the cement matrix. The answer to provide a good interaction between the 
reinforcement and the matrix is the affinity of the CNT towards polar media, in particular water.   
The use of neat MWCNT did not yield good results due its bad dispersion in the cement 
paste resulting in aggregates and a non-uniform distribution of the bundles within the matrix 
which led to a decrease in the mechanical properties. The optimum concentration of CNT 
seems to be 0,10% (wt %) of the cement powder. However, it is suggested that further studies 
should be aimed at establishing the optimum concentrations for carbon nanotubes oxidized and 
dispersed in titanium oxide suspensions to confirm this value.  
Dispersion experiments with oxidized carbon nanotubes showed that the surface treatment 
using HNO3 gave to the nanotubes a good affinity to water. The same behaviour was found 
using MWCNT-TiO2.  
Nanotube pull-out from the matrix is possibly the predominant mode of overload failure. This 
seems reasonable because the interfacial (MWCNT-cement mortar) shear strength is believed 
to be less than the nanotubes tensile strength.  
The use of MWCNT-TiO2 is the most promising when compared with all other samples 
tested in this work due to the easy of preparation and time consumed for dispersion. 
Furthermore this dispersion method can be easily adapted for industrial production scale.  
DCM with photochromic materials have a particularly potential for some niches of the 
market if their effects can be detected by naked eye after some exposure to sunlight. This work 
showed that photochromic materials may in future be possible candidates to enhance 
aesthetical properties of decorative mortars. 
Regarding the materials prepared during this work, the use of silver chloride and of milled 
photochromic eyeglass lenses did not promote any effects on the decorative mortar (with or 
without TiO2 dye).  
Addition of WO3 powder and of mixtures of WO3 and TiO2 (2640 WT and 02363 WT) 
resulted in positive effects but cannot be used commercially due to the low photochromism 
effect. DRS values of the CIELAB Colour System regarding the WO3 powder or 2640 WT 
samples showed that the colour of the sample tends to become darker and bluer when the 
concentration of the WO3 powder or of 2640 WT is increased. The same analysis for the sample 
prepared with 02363 WT showed that the colour of the sample become darker, tending to the 
purple colour when the concentration of 02363 WT is increased moreover, upon sunlight 
exposure these samples presented colour changes. 
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Regarding the addition of MWCNT (neat) to DCM the products obtained have shown the 
presence of agglomerates in any concentration and methods of dispersion used. The workability 
of the product decreased during the trowelling process becoming difficult its application. The 
use of MWCNT-oxy has shown good results since no agglomerates were observed. The 
workability was inferior to that of the standard product but still can be used without problems. 
These nanotubes have shown good affinity to the DCM, resulting in a greyish homogeneous 
product.    
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Chapter 5 – Materials and Methods 
5.1 Materials 
 
All raw materials used to produce the cement mortars in this work were provided by Weber 
Cimenfix and the samples were prepared there. Specimens were maintained inside a curing 
room at least for 28 days at 55% relative humidity (RH) at 23 °C and demolded after 24 hours 
after preparation. 
5.1.1 Carbon Nanotubes 
 
The MWCNT used in the present work were supplied by Nanocyl Co. The properties specified 
by the company can be seen below in Table 1. The purification and oxidation were done at the 
Chemistry Department in collaboration with Madhu Phani. 
 
Table 5.1 - Properties of MWCNT.   
 
Characteristics MWCNT 
External diameter  <10nm, 10-20nm, 10-30 nm, 20-40 nm, 40-60 nm e 60-100 nm. 
Purity  ≥95% 
Amorphous carbon  2% 
Ash  ≤0,2W% 
Length  5-15µm(tipo L); 1-2(tipo S) 
Special surface area  40-300 m2/g 
Shells distance 0,8 cm3/g 
Electrical Conductivity 300W/mK 
Temperature (º C) >550 (air) e 3500 (inert atmosphere or vacuum) 
 
5.1.2 Silver chloride (AgCl) 
  
The AgCl used in the present work was supplied by Acros Organics with purity >99% extra 
pure and Mw = 143.82 AgCl.  
5.1.3 Tungsten oxide (WO3) 
 
 The WO3 (Tungsten(VI) oxide), CAS number 1314-35-8, used in the present work was 
purchased from Fluka with purity >99,99%.  
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5.1.4 Triton X 450 
 
The Octylphenol Ethoxylate (nonionic surfactant) dispersant Triton X405                                             
4-(C8H17)C6H4(OCH2CH2)nOH  was supplied by DOW with pH 7.  
 
5.1.5 Polyacrylic acid sodium salt  
 
Polyacrylic acid sodium salt (C3H3NaO2)n used as dispersant was retrieved from commercial 
nappies.  
5.1.6 Nitric acid sodium salt  
 
Nitric acid used to oxidize the MWCNT was purchased from Acros Organics with purity > 99 
%.  
5.1.7 Titanium oxide (TiO2) 
 
 The titanium oxide (TiO2), was purchases from Degussa.  P25 TiO2 is mostly in the form of 
anatase and has a BET surface area of 50m2/g, corresponding to a mean particle size of 30 nm. 
5.2 General sample preparation 
5.2.1 Composition of structural cement mortars 
 
Sets of samples were prepared according to the European standard EN12004 (2004) under 
55% relative humidity at 23 ºC. 
A commercial general cement mortar composition was used (See Table 5.2). 
 
Table 5.2 - Typical structural cement mortar composition. 
 
Wt.% Component Term used 
~15 Ordinary Portland cement Cement  
~10 Calcium Carbonate  Carbonate  
~ 75 Silica Silica  
~1% Additives  Additives  
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5.2.2 Decorative Mortars 
 
Sets of samples were prepared according to the European standard EN12004 under 55% 
relative humidity at 23 ºC. 
A commercial mortar composition was used (See Table 5.3). 
Table 5. 3 - Typical composition of the decorative mortars.  
  
Wt.% Component Term used 
~ 7 Acrylic-styrene resin  Resin  
 ~ 50 Calcium Carbonate  Carbonate  
~ 25 Quartz - Silica Silica  
~1 Additives  Additives 
 
5.2.3 Dispersion of the CNT 
 
CNT were added to a beaker containing 100 ml of deionised water. The mixture was stirred 
for 15 minutes. Two drops of Triton X405 (nonionic surfactant) dispersant were added to the 
mixture which was kept stirring for 10 minutes more (See Fig 5.1). 
 
 
 
Fig. 5.1 – Dispersion of CNT in water. 
 
 
Fig. 5.2 - Presence of bundles after 
dispersion with or without triton dispersant. 
 
The presence of bundles was observed after the dispersion of CNT due to its hydrophobicity 
(Fig. 5.2).  
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5.2.4 Cement paste preparation and moulding 
 
One kilogram of cement was weighted. CNT suspension was transferred into an open 
plastic container (Fig 5.3) and additional water (the concentration may vary according to the 
sample, normally 80 to 90 ml ~ 8 to 9%) was used to wash the beaker. The cement was added 
to the container to form a cement paste (Fig 5.4) and then it was stirred by hand till the CNT 
were homogeneously dispersed (about 2 min).  
A rotary mixer with a flat beater (Fig. 5.5) was used for mixing the paste for 30 s at 62 RPM. The 
CNT paste was manually mixed for 2 more minutes. The mixture was left resting for 10 minutes. 
In all the pastes prepared the formation of bundles of CNT was noticed. Additional manual 
mixture was tried to reduce these aggregates but did not bring any improvements. 
After this step, the density and workability of the cement paste were evaluated to decide if water 
was necessary. The specimens were prepared using a mould of silicon (See Fig 5.7).  
 
 
Fig. 5.3 - Mixture (water + CNT + dispersant)  
addition to an open plastic container. 
 
 
Fig. 5.4 – Bundles of CNT present in the 
cement paste. 
  
   
 
Fig. 5.5 - Rotary mixer with a flat beater. 
 
 
Fig. 5. 6 – Cement paste ready for use, with 
some CNT bundles. 
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Fig. 5.7 – Moulding of specimen. 
 
5.2.5 Dispersion of MWCNT using poly(acrylic acid) 
 
Poly(acrylic acid) was used in order to improve the dispersion of MWCNT. When the stirring 
was stopped, the CNT decanted and aggregates were formed. This polymer became a gel 
when in contact with water with the MWCNT were homogeneously dispersed inside it. Figs. 5.9 
and 5.10 show pictures of this process. 
 
 
Fig. 5.8 - mechanical 
mixing machine.  
 
 
Fig. 5.9 - Addition of 
poly(acrylic acid) to CNT 
suspension. 
 
 
Fig. 5.10 – Poly(acrylic acid) 
gel with CNT dispersed. 
 
5.2.6 Dispersion of MWCNT in a suspension with titanium oxide  
 
Typically the dispersion of MWCNT in a TiO2 suspension involved the fallowing sequence of 
steps: 
(i) addition of 1 g TiO2 to a beaker containing 100 grams of deionised water; 
(ii) Magnetic stirring for 10 minutes; 
(iii) addition of 1 g of MWCNT  
(iv)  sonication for 10 minutes in a ultrasound both; 
(v) Magnetic stirring of the suspension for 10 hours. 
 
After 90 minutes it was possible to see a good dispersion of the MWCNT. 
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5.2.7 Milling of Photochromic lenses 
 
The lenses were ground manually using first a hammer to break them in small parts. After 
that, the material was milled using a “ball mill” with 50% of the volume of balls for 1 hour until a 
uniform powder was obtained. The average particle size was 1100 and 1280 µm.  
 
5.3 Methods and characterisation 
5.3.1 Solubility Tests  
 
This test was carried out to asses the polarity of the neat and functionalised nanotubes. For 
this purpose a small quantity of CNT was introduced into vials and water was added. Each vial 
was sonicated for 5 minutes and left standing for 30 minutes before been visually analysed. 
5.3.2 Scanning Electron Microscopy  
 
A FEG-SEM Hitach 4100S scanning electron microscope (SEM) equipped with an energy-
dispersive X-ray analyzer (EDS RONTEC) was used for the surface investigation. Samples 
were prepared in two ways: (i) a piece of cement mortar was ground and (ii) a piece of cement 
mortar was broken to analyze the surface of the cement mortar. All samples were covered by a 
thin carbon layer.  
5.3.3 Compression Testing/ Bending Test 
  
The compression and bend tests were performed in a Universal tensile tester CONTROLS 
model 65-L1860. The speed of applied deformation was 3 mm/min (according to EN 1015-
11:1999/A1) using a 5 KN force transducer at room temperature. The strain was recorded by a 
position encoder. 
5.3.4 Colorimetry Analysis  
 
The analyses of colorimetry were conducted using a MINOLTA Instruments model CR-10. 
The measurements were made 3 times at a different place in the same specimen for the 
parameters a, b and L. An average value for 3 measurements was made which were compared 
to those of a standard specimen.  The measurements were carried out in a curing room under a 
fluorescent lamp considered as standard (Fig. 5.11). 
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Fig. 5.11 – Place where the colorimetry measurements were realized  
 
5.3.5 Modulus of Elasticity Test 
 
The modulus of elasticity was determined in an equipment consisting of: 
(i) function generator Good Will Instruments model GFG-8019-G, 
(ii) electromagnetic vibrator model LING DYNAMICS SYSTEM model V-201 with 
frequencies between 5-1300 Hz, 
(iii)  Amplifier Dytran Instruments model 4102, 
(iv) Osciloscope Hameg model 203-7. 
 
5.3.6 Capillarity Test 
 
The capillarity test was performed in an homemade equipment consisting of a plastic 
container with dimensions of 330 x 330 x 5,3150 which was kept in a curing room at 23º C ± 
2ºC. Zinc sulphate solution (1500 g/l of water) was added 24 hours before the test to keep the 
humidity of the container high (90 % ± 5%).  The amount of zinc sulphate was sufficient to cover 
1 cm of the height of the container walls (See Fig. 5.12).  Inside the higher container, small 
containers were put, each one containing its own sponge (made of polyurethane) covered by 
water at a height of 5 mm (See Fig. 5.13). The samples were previously lightly embedded with 
water and weighted. After 10 and 90 minutes, the specimens were withdrawn from the 
container, mopped with a dry paper and weighted. The result is the difference between the 
initial and final weight expressed in g/dm2.min-1/2.   
 
1st measurment  
2nd measurment  
3rd measurment  
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Fig. 5.12 - Plastic container with zinc 
sulphate solution and 2 small 
containers where the specimens were 
placed. 
 
 
Fig. 5.13 - Specimens on the sponge 
embedded with water inside the small 
container. 
   
5.4 Surface modification of MWCNT (oxidation) 
 
The MWCNT were treated with nitric acid. The suspension was first sonicated for 35 
minutes at 40 ºC using an ultrasound bath, and then heated under reflux for 4 hours (80 ºC) 
under nitrogen atmosphere. After the oxidation the reaction mixture was neutralised. The 
sample was divided in two batches. NaOH 2M was added carefully added to the mixture (about 
3 ml each time) using an ice bath until pH 5. (See Fig. 5.15). The excess solution was removed 
trough decantation. The solids were dispersed in water and filtered. This was repeated several 
times up to pH 7. (See Fig. 5.16). The resultant “pulp” was dried for 24h in an oven at 100 ºC.  
 
 
Fig. 5.14 - Oxidation 
process of the MWCNT on 
oil bath at 40 ºC for 35 min. 
 
Fig. 5.15 - Neutralisation process 
of the MWCNT under continuous 
stirring. 
 
Fig. 5.16 - Filtration of 
the MWCNT under 
vacuum before drying. 
Zinc sulphate 
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